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Excessive water formation inside the polymer electrolyte membrane (PEM) fuel cell’s 
structures leads to the flooding of the cathode gas diffusion layer (GDL) and cathode gas flow 
channels. This results in a negative impact on water management and the overall cell 
performance.   Liquid water generated in the cathode catalyst layer and the water moved 
from anode to cathode side due to electro-osmotic drag transport through the GDL to reach 
the gas flow field channels, where it is removed by air cathode gas stream. Due to high and 
uniform capillary force distribution effect of the pores through the GDL plane and surface 
tension between the water droplets and gas flow field channels surfaces, liquid water tends to 
block/fill the pores of the GDL and stick to the surface of the GDL and gas flow channels. 
Therefore, it is difficult to remove the trapped water in GDL structure which can lead to flood of 
the PEM fuel cell. The GDL surfaces are commonly treated uniformly with a hydrophobic 
material in order to overcome the flooding phenomena inside PEM fuel cell. Despite the 
importance impact of the surface wettability of both channel and GDL surface characteristics 
especially for the cathode side on the water management, few experimental studies have been 
conducted to investigate the effect of the two-phase flow in cathode gas flow channel and 
their crucial role. 
 The work presented in this thesis covers contributions that provide insight, not only into 
the investigation of the effects of hydrophobic cathode GDL and cathode gas flow channels, 
on water removal, two phase flow inside the channel, and on PEM fuel cell performance, but 
also the superhydrophobic and superhydrophilic GDLs and gas flow channels effects. 
Further, the effects of a novel GDL designs with sandwich and gradient wettability with 
driving capillary force through GDL plane have been investigated. 
Two-phase flow especially in the cathode gas flow field channels of PEM fuel cell has a 
crucial role on water removal. Hence, in this research, ex-situ investigations of the effects of 
channels with different surface wettability; superhydrophobic, hydrophobic, slightly 
hydrophobic, and superhydrophilic on the two-phase flow characteristics have been tested 
 
 iv 
and visualized at room temperature. Pressure drop measurements and two-phase flow 
visualization have been carried out using high speed camera. 
The effect of the various coating materials on graphite and GDL surface morphology, 
roughness, static contact angle (θ), and sliding contact angle (α) have  been investigated 
using scanning electron microscopy (SEM), Profilometry, and sessile drop technique, 
respectively. It has been observed that the two-phase flow resistance is considerably affected 
by surface wettability of the channels. Further, the overall cell performance can be improved 
by superhydrophobic gas flow channels mainly at high current density over slightly 
hydrophobic and superhydrophilic cases tested.   
In addition, sandwich wettability GDL has been coated with a silica particle/ 
Polydimethylsiloxane (PDMS) composite. The porometric characteristics have been studied 
using, method of standard porosimetry (MSP). It has been found that sandwich wettability 
GDL has superhydrophobic surfaces with (θ = 162±2°), (α = 5±1°), and the internal pores are 
hydrophilic, while the mean pore radius is 7.1μm.   This shows a low resistance to gas 
transport. On the other hand, performance testing indicates that (PEM) fuel cell equipped 
with sandwich wettability GDL results in the best performance compared to those with raw 
(non-coated) (slightly hydrophobic), PTFE coated (commercial with micro-porous layer 
(MPL)) (superhydrophobic), and silica coated (superhydrophilic) GDL. 
The wettability gradient has been introduced through plane of the one side hydrophobic 
GDL by coating one side of non-coated GDL with 15 wt. % of PTFE solution; however, the 
other side remains uncoated. The effects of wettability gradient on the water removal rate, 
droplet dynamics, and PEM fuel cell performance have been covered in this thesis. Water 
removal rate is determined using a 20 ml syringe barrel, wherein a 13 mm diameter GDL 
token is fixed on the barrel opening. The droplets penetrating through the GDL are visualized 
via a high speed camera to study the droplets’ dynamic characteristics. The GDL wettability 
gradient has a significant impact on water removal rate, droplets’ dynamic characteristics, 
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Fuel cell is an electrochemical device that converts chemical energy of reactants directly 
into electrical energy. Polymer electrolyte membrane (PEM) fuel cell is one of the common 
types of the fuel cells. It has smaller volume and lighter weight compared to other fuel cell 
types.   Furthermore, it operates at a relatively low temperature range between the freezing 
and boiling point of water. This contributes to its quick start-up and shut-down phenomena. 
In addition electrolyte is a solid material which makes the technology attractive for portable 
equipment and automotive applications. All these characteristics justify the fact that 
approximately 90% of fuel cell research and development work involves PEM fuel cell in 
most major automobile and electronic companies [1]. 
Recently, significant efforts have been made on investigating water management inside 
PEM fuel cell. Majority of the work was focused on studying water removal from the gas 
diffusion layer (GDL).  Certainly more research is required to investigate water removal from 
the GDL and gas flow field channels. Flow blockage in the gas flow channels results in 
lowering the cell performance due to high surface tension. Removing this blockage requires 
high gas stream velocity to force the liquid water out of the cell. This involves significant 
power consumption for more air compression.  In serpentine flow channel design, which has 
become an industry standard in PEM fuel cell, the needed power to purge the flow blockage 
out of the cell  reaches to 35% of the fuel cell stack output.   Therefore, facilitation of liquid 
water removal from the flow channel surfaces can have significant impact on enhancing the 
PEM fuel cell performance and cost reduction. The main concern in this work is to modify 
the wettability of flow channels and the GDL surfaces with different surface wettability so it 
can facilitate the water removal. Further, the effect of this modification on water removal 





1.2 Polymer Electrolyte Membrane (PEM) Fuel Cell 
A schematic diagram of PEM fuel cell is shown in Figure1.1, which illustrates its 
operational principles. A PEM fuel cell is consist of number of major components; each of 
which has its own specific role in completing PEM fuel cell operating process. These will be 
explained in following sections. 
Pure fully humidified hydrogen enters the anode channel and diffuses through the gas 
diffusion layer (GDL) towards the anode catalyst layer (CL). At the interface between the 
anode catalyst and the membrane electrolyte, fuel is converted to protons (H+) and electrons 
(e-).  This is due to the effect of platinum which exists in the CL. The reaction is according to 
hydrogen oxidation reaction (HOR) as follows: 
 → 2 2  1.1
The unique property of the membrane electrolyte allows protons to transport to the cathode 
side and it prohibits the electron to pass. This property avoids cell shortening and forces the 
electrons to travel through the external circuit and deliver electric energy to the external load 
while reaching cathode. 
At the cathode side, the transferred protons and the energy depleted electrons combine with 
oxygen in the cathode CL to produce water according to the following oxygen reduction 
reaction (ORR): 



















































































f PEM fuel c
, therefore h
ults in the o
 
embrane m

































can support nano scale platinum (Pt) catalyst particles, loosely embedded in a matrix of 
ionomer. HOR occurs in the anode CL, and ORR occurs in the cathode CL. The 
electrochemical reaction is not evenly distributed over the catalyst layer; therefore, the Pt 
particles must be properly distributed in the catalyst layer to maximize the reaction efficiency 
and minimize the cost. 
Gas diffusion layer (GDL) is typically consists of randomly aligned carbon fibers (carbon 
paper) or woven spun yarns (carbon cloth) which have high porosity, with thickness ranging 
from 200 to 300µm.  GDL transports the reactants toward the reaction sites and provide 
structural support for the catalyst layer.  Further, they provide a path for electron transfer. It 
can be said that GDL plays significant role in water management and heat removal with 
regard to reaction sites of the cell. 
After production of water at the cathode side, this water is discharged out of the cell 
through the gas flow field channels. For this reason the wettability of the channel surface is 
important for liquid water removal. 
1.3 PEM Fuel Cell Performance 
The typical performance of the fuel cell is shown in the form of current density J versus 
cell voltage Vcell plots, known as the polarization curve as shown in Figure1.2. This curve 
provides the steady state performance of a given fuel cell.  The variation of individual cell 
voltage versus J is found from the maximum cell voltage and the various voltage losses. The 
sources of these losses, which are also called polarization, irreversibility or overvoltage, 
originate from: a) Activation polarization, b) Ohmic polarization, and c) Concentration 
(mass transport) polarization. The summation of these over potentials is known as the cell 
over potential, ηcell. 
The maximum cell voltage, or reversible voltage, Vrev represents an ideal cell performance, 
and is independent of the quantity of current drawn from the cell. However, for a real fuel 







Figure 1.2: Schematic typical polarization curve showing three regions; (A) Activation 
polarization, (B) Ohmic polarization, and (C) Concentration polarization 
 
In region A of Figure1.2 the reaction rate loss takes place. This region is called the 
Activation polarization region, which dominates at low current densities. It is present when 
the rate of the electrochemical reaction at an electrode surface is controlled by sluggish 
electrode kinetics. Activation losses increase as current drawn from the cell is increased. 
In region B, Ohmic polarization dominates due to the resistances of the polymer 
electrolyte membrane to the ion transfer and of the rest of cell assembly to the electron 
transfer. Hence, the cell voltage drops steadily as current drawn is increased. 
The third region C is known as the Concentration polarization region. This is due to the 
fact that the reactant concentration at the reaction sites decreases while current drawn from 
the cell is increased as a result of the limited rate of mass transfer. This loss becomes 





Cathode performance is one of the key factors affecting fuel cell performance.  Hence, the 
liquid water imposes transport limitation especially at high current densities. It is often 
difficult to remove the product water from the cathode side of the fuel cell, which leads to the 
compromised transfer of oxygen to the reaction sites through the GDL.  The liquid water 
formed on the cathode CL transports through the GDL to reach gas flow channels, and later it 
is removed from the gas flow channels by cathode air stream. Due to high surface tension 
effect, liquid water clogs the flow channels and fills the pores of the GDL. The imbalance 
between water generation rate at the reaction sites and water removal rate from the flow 
channels leads to water flooding in the flow channels.  Thus, water management a fairly 
complex phenomenon- is critical to PEM fuel cell, and is significantly influenced by water 
removal. 
Changing the gas flow field channel surface wettability (such as the static contact angle 
and sliding angle), is relatively one of the conventional used techniques to enhance water 
removal from the flow channel. Hydrophobic coating for the gas flow channel has a direct 
effect on increasing the cell performance. While it reduces the required drag force which 
applied by air flow to drive the flow out of the channel, the cell performance increases. 
Polytetrafluoroethylene (PTFE) was extensively used to change the gas flow channel surface 
to hydrophobic surface. However, obtaining other surface properties such as the range 
between superhydrophobic to superhydrophilic requires applying different coating materials.  
PTFE and its derivatives such as; polyvinylidene fluoride [2] and fluorinated ethylene 
propylene [3] are  commonly used to treat the GDL to become more hydrophobic. GDL was 
dipped into the PTFE suspension or sprayed depositing with a mixture of PTFE and carbon 
powder which resulted in a uniformly PTFE treated GDL, resulting in a uniform capillary 
force through GDL plane. The PTFE loading should be carefully controlled. Sufficient 
loading is required to provide water repellant effect; while excess loading will likely decrease 
the water transport through GDL. Hence it is clear that, excess PTFE will decrease GDL 





reaction sites, and lowers the thermal and electrical conductivity since PTFE is a non-
conductive polymer. Further, a uniform capillary force distribution through GDL plane might 
slow down the water transport through GDL.  Thus, another coating technique and/or 
material are required to modify the GDL surface wettability without changing the GDL 
structure and properties and to create a driving capillary force through GDL plane. 
 
1.4 Advantages and Limitations 
Graphite is the most common used material in gas flow field channels bipolar plate. It has 
a rough surface [4]. The static water contact angle (θ) is around 95° on non-coated graphite 
surface as measured in this work. Water droplets usually stick on this surface, and are 
difficult to be removed even by strong air flow. The appropriate design of flow channels built 
on the bipolar plates is critical to the tackling of water management. Serpentine flow field 
channel layout [5] is the most widely used layout which is often regarded as “industry 
standard”. This is due to the fact that under constant / steady operating and design conditions, 
PEM fuel cells with serpentine flow field channels tend to have the best performance and 
durability. In this study for the purpose of flow channel graphite material and the serpentine 
design PEM fuel flow field design are deployed 
 In two-phase flow of mini-size channels, the capillary force is mostly negligible compared 
to the inertia and viscous forces. However, as the cross section area of the flow channel gets 
smaller , which is 11 mm in PEM fuel cell, the capillary effect starts to play an important 
role in determining the behaviour of two-phase flow patterns. In this case, the interfacial 
tensions between solid-liquid (γSL) and solid-gas (γSG) along with the surface tension between 
liquid and gas (γLG); should be considered. In other words, surface properties of the channel 
walls and the GDL surface as well as combinations of the gas and the liquid are other 
important factors which require to be emphasised in determining the flow behaviour in the 





Gas Diffusion layer (GDL) is commercially available in two different materials; carbon 
fiber based porous materials and carbon cloth based porous material. Carbon fiber based 
porous materials are made hydrophobic by adding PTFE to facilitate liquid water removal. 
Carbon paper is a non-woven carbon composite, while carbon cloth is a woven fabric. There 
are two major structural differences between the two materials; carbon cloth is more porous 
and less tortuous than carbon paper and liquid water coverage on carbon cloth is less than 
that on carbon paper. Due to the ease of applying a micro-porous layer to carbon paper, 
carbon paper is usually used as the GDL of PEM fuel cells [6]. In this thesis research, the 
experiments are based on carbon paper material; thus, the term GDL refers to a carbon paper 
sample. 
1.5 Wettability of Solid Surfaces 
The wettability and water repellency of the solid surface are important material properties. 
They strongly depend on both surface composition and the surface roughness [7]. While 
surface wettability indicates the hydrophilic characteristic of the surface, water repellency 
specifies hydrophobic characteristics.  








Where γSL, γSV and γLV are interfacial free energies per unit area of the solid-liquid, solid-gas 
and liquid-gas interface respectively. The maximum contact angle can be obtained on a flat 
surface merely by lowering the surface energy [8]. The lowest recorded surface energy is 6.7 
mJm-2. It characterizes a surface with regularly aligned closest-hexagonal-packed 
Trifluoromethyl (CF3) groups [9]. The calculated contact angle for this surface is 120° [10]. 
This angle is relatively small compared with the superhydrophobic contact angle 150° [11]. 





hydrophobic contact angle. For this purpose, creation of complex surface structure by 
changing the surface roughness and make it more homogeneous  as one of these techniques is 
used to increase the  hydrophobicity of the surface’s contact angle [12]. 
Young’s equation is applicable only on a flat surface. Modifications are required to 
account for rough surfaces. Wenzel proposed a model describing the contact angle θ´ on a 







Where s is the roughness factor; defined as the ratio of the actual area of a rough surface to 
the geometric projected area. Since s value is greater than unity, the surface roughness 
enhances the hydrophobicity of the hydrophobic surfaces.  
Using a gradient of some type can facilitate the water droplet to move along a solid surface 
[12]. On the thermal gradient, the drop will move from the warm side to the cool side. This 
movement is due to the fact that liquid-gas surface tension is affected by temperature. As 
temperature increases, surface tension decreases, and vice versa. On each area element at the 
liquid-gas interface, there are two forces pulling in opposite directions which tend to reduce 
the surface area of the drop. Since surface tension decreases with increasing temperature, the 
droplet is driven into the higher surface tension value (the coldest one). In other words, 
tension pulling in the cold direction is stronger than the one pulling in the warm direction. On 
a wettability gradient, a drop of a hydrophilic substance will move from the hydrophobic end 
to the hydrophilic end.  This is attributed to the fact that the total energy of the system is at 
minimum when the drop is at the hydrophilic end of the gradient [14].   
1.6 Thesis Objectives  
According to previous discussion the surface wettability of the gas flow channel and GDL 
have a crucial role on the PEM fuel cell water management, thus the objective of this thesis 





1) To investigate the effect of the gas flow field channels with different surface wettability; 
superhydrophobic, slightly hydrophobic, hydrophobic, superhydrophilic, and combined 
surface wettability channel ( channel’s side walls are slightly hydrophobic and   channel’s 
bottom surface is superhydrophobic) on; 
a) Two-phase (Air-DI water)  flow characteristics in one single channel, 
b) Pressure drop through the channel, and  
c) PEM fuel cell performance. 
This requires; 
i) Characterization of the graphite surface coated with different materials. This task 
covers below stages;  
(1) Analysis of  surface topography, 
(2) Measurement of static contact angle (θ)  and sliding contact angle (α),  
(3) Measurement of surface roughness, 
(4) Analysis and comparison of acquired data, and 
(5) Understanding the interaction between the graphite surfaces coated with 
different materials and liquid water on the coated surface. 
ii) Design and built an experimental set-up to perform;  
(1)  An ex-situ visualization for two phase flow in a single channel, and 
(2) Pressure drop measurements through the channel.  
iii) Design and built PEM fuel cells with different cathode gas flow channels’ surface 
wettability; superhydrophobic, slightly hydrophobic, and superhydrophilic,  






v) Comparison and interpretation of collected data based on the surface wettability 
as will be explained in the following chapters, and 
vi) Recommendation of further research study based on the present results. 
2) To Study the effect of novel wettability GDL design referred as, sandwich wettability and 
one side hydrophobic GDL on; 
a) GDL characteristics includes; GDL’s pore size distribution, capillary pressure, θ, α, 
and water removal rate, and 
b) PEM fuel cell performance. 
This involves; 
i) Study of GDL characteristics using method of standard porosimetry (MSP) 
before and after modifying GDL wettability, 
ii) Measurement of water removal rate using a designed and built experimental 
set-up for this purpose, 
iii) Design and built of PEM fuel cells with different cathode GDL’s with various 
surface wettability, 
iv) Measurement of the PEM fuel cell performances using FCATS-S800,  
v) Comparison and interpretation of deployed data as will be explained in the 
following  chapters, and 
vi)  Finally recommend future work plan based on the obtained results. 
1.7 Scope and Outline of Thesis 
This work is organized as follows: Effect of gas flow channel and GDL surface wettability 
on the cell performance and two-phase flow in PEM fuel cell channels will be reviewed in 





explained in Chapter 3. Chapter 4 will cover Surface characterization results of the graphite 
channel with different surface wettability and their effects on two-phase flow in the channel 
and the cell performance. Further, in this chapter, the GDL characteristics coated with 
different materials and their effects on PEM fuel cell performance will be discussed. Finally, 

























In this chapter the gas flow channels and GDL surface wettability effects in PEM fuel cell 
will be reviewed. Many studies were involved in studying the effects of increasing the flow 
channel hydrophobicity on PEM fuel cell performance, other were involved in studying the 
effect of hydrophobic and hydrophilic GDL on PEM fuel cell performance. Furthermore, a 
lot of studies were involved in studying the two-phase flow behaviour in the PEM fuel cell’s 
flow channels. Thus the two-phase flow in the flow channels of the PEM fuel cell will be 
reviewed in this chapter. 
2.1 PEM Fuel Cell Flow Channels Wettability 
An extensive research has been done for gas flow channels surface modification, most of 
this work focused on improving the corrosion resistance and the electrical conductivity [15-
29]. However, some researchers gave more attention to the surface wettability of the gas flow 
channels’ surface. 
Li et al. [30] began the coating process with chemical etching of 1.5 mm thick 316 
stainless steel bipolar plate to form flow channels. Then the surface was coated using hollow 
cathode discharge (HCD) ion plating method with Titanium Nitride (TiN) as coating 
material.  Furthermore, they measured the water contact angle on 316 stainless steel coated 
with TiN. It was close to the value of graphite contact angle 90° [31], while the uncoated 316 
stainless steel was 60°.  This indicates that 316 stainless steel gas channels has higher surface 
energy and more readily floods the cathode side than graphite and TiN-coated 316 stainless 
steel flow channels. 
Lee et al. [32] employed the electrochemical theory for 316 stainless steel surface 





was connected with a cathode, the metallic ions were released from the work specimen to 
form a passive film.  Different metallurgical compositions from the substrate were noticed in 
the passive film. These compositions increased corrosion-resistance. The surface morphology 
became smoother and shining. The surface roughness was gently improved and exhibited as a 
hydrophobic property, which improve the flow of gas and water in the gas channel of the 
bipolar plate. 
Tanigushi and Yasuda [33] used plasma polymerization for titanium and stainless steel 
plates surface coating. The substrate was treated using combined processes of plasma 
polymerization and sand-blast pre-treatment.  The water droplet static contact angle due to 
these combined processes was higher than plasma polymerization only. Pre-treatment of 
sand-blasting offered the significant improvement in water-repellency of the coated surface. 
This is attributed to the increase in surface roughness of the sand-blasted bipolar plate metals. 
This result was in accordance with Nakajima et al. [34]. Furthermore, the coated channels of 
PEM fuel cell with the sand-blasting followed by plasma polymerization showed an 
improvement in the PEM fuel cell’s peak power. This improvement referred to the effective 
flow in the coated channel at low oxygen flow rate. 
Low oxygen flow rate is important for improvement of the fuel cell system efficiency. 
Hence, high flow rate results in low oxidant utilization and larger power consumption for 
driving air compressor or blower to supply air as an oxidant to the fuel cell.  Moreover, 
blocking the gas flow channel by condensed liquid water results in serious degradation as 
electrode area, reactant utilization, and humidifying temperature decrease [35]. 
2.2 PEM Fuel Cell Gas Diffusion Layer (GDL) Wettability 
Wettability of the GDL is one of the properties which have a dominant role in controlling 
the transported water through the GDL. This property is controlled by adding a hydrophobic 





the water removal. Meanwhile, other researchers have added hydrophilic alumosilicate fibers 
on the GDL surface to improve the water removal [36]. 
The hydrophobic pores’ surface distorts the molecular force balance at the line of contact, 
which results in forcing the liquid water to move towards an unstable state as depicted in 
Figure 2.1a. Unlike the hydrophilic treatment, the water is preferentially adsorbed by the 
fiber surface of the hydrophilic pores as shown in Figure 2.1b [37]. 
 
Figure 2.1: Liquid water droplet behavior inside pore of the GDL (a) hydrophobic pore and 
(b) hydrophilic pore [38]. 
 
Bevers et al. [37] coated a 9 cm × 9 cm carbon paper sample by PTFE. To coat the paper 
with PTFE, the sample was slowly lowered into PTFE suspension, never faster the 
suspension could absorb the paper. The paper was left standing in the suspension for 5 
minutes and then removed. To guarantee a PTFE uniform distribution, the paper was laid out 
flat on a square arrangement of 13 needles (pointed ends up) to dry and then sintered in a 
sintering oven at a temperature less than 200 °C. They concluded that PTFE contents 
correlate negatively with conductivity, and the diffusion rate.  While the sintering 
temperature correlates positively with the diffusion rate and negatively with the conductivity.  
This result was in agreement with Paganin et al. [39]. They prepared many GDL samples 
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Wang et al. [41] studied the effect of PTFE content on the static contact angle. In addition 
to that he studied the effect of carbonization treatment on the contact angle for the same 
PTFE content. In their work the cell with 10 wt. % PTFE carbonized GDL has the best 
performance, this attributed to the highest contact angle 137±1○ for this sample. They 
concluded that, the contact angle value for hydrophobically treated GDLs does not depend 
only on the PTFE content, but also the uniformity of the PTFE distribution on the fiber stems 
and the fibers cross positions.  For the non-carbonized carbon paper with low PTFE loading, 
the PTFE was mainly accumulated on the cross positions of carbon fibers. This results in low 
contact angle value. However, the carbonization process results in coating both the stem and 
the cross positions of carbon fiber. This leads to higher contact angle values. In their work 
the sample was carbonized by dipping the GDL sample into 20wt. % sucrose aqueous 
solution for 6 hours and then sintered in a tube furnace at 400○C under argon ambience to 
prevent oxidation. To carbonize all the sucrose the process repeated several times. After that 
the carbonized and non-carbonized samples were dipped into PTFE emulsion with different 
concentration in order to obtain different PTFE loadings. 
Pai et al. [42] employed CF4 plasma treatment to improve the hydrophobicity of the active 
carbon fibers  (ACF) mats.  After CF4 plasma treatment, the ACF mats were dip-coated in 10 
wt. % PTFE solutions. Their results showed that the CF4 treated samples had the best 
performance compared with the untreated ones. This attributed to the surface GDL pores of 
the CF4 plasma treated ACFs were apparently less sealed or blocked by excessive 
hydrophobic material residuals. In addition to that, the CF4 plasma treated ACFs water 
contact angle and the non-treated ones were measured; 132.8 ± 0.2° and 128.4 ± 0.2○ 
respectively. 
Finally, Mukundan et al. [36] introduced hydrophilic properties for the MPL of the GDL 
using hydrophilic alumosilicate fibers. Their study showed that the hydrophilic MPL 





cell performance was improved. They attributed this improvement in cell performance to the 
hydrophilic pathways in the MPL layer, which wicking the liquid water away from the 
cathode catalyst layer.  
2.3  Two-Phase Flow in PEM Fuel Cell Channels 
The results of electro-osmotic drag of water from the humidified H2 gas stream at the 
anode side through the membrane and the electrochemical water formation at the cathode 
side are the net accumulation of excess water in the cathode side of the MEA. In addition, the 
back diffusion from the cathode to the anode due to water concentration gradient is 
inadequate to keep the anode side hydrated at high current densities [43]. Furthermore, if the 
water content increases at the MEA cathode side to high levels, plus the generated droplets 
due to the condensation of the cathode fully humidified air stream at the channel inlet, due to 
heat loss at the connection pipeline, and on the channel surface, due to the cooling location 
behind the flow channel in PEM fuel cell stack, then the cathode GDL floods and liquid 
water accumulation in the form of droplets can occur in the cathode channels. 
Tüber et al. [44] conducted an experiment with a PEM fuel cell having a simple bipolar 
plate with two gas channels. They observed that if the gas flow rates was not sufficient to 
keep droplets out of the channel either by evaporation or forced convection, a blockage 
occurred, causing 25% drop in the current density. 
Yang et al. [45] built an optical PEM fuel cell using a two clear polycarbonate plates were 
placed outside the current collector plates to constrain the gas flow, and two stainless steel 
end plates compressed the entire optical cell. They showed a sequence of photographs 
looking through the top of transparent PEM fuel cell cathode gas channel onto the GDL 
surface. Between 0 and 180 seconds two discrete water droplets formed in the channel 
growing continuously on the GDL. By 480 seconds the droplets have grown to the point 
where their surfaces have contacted the channel surfaces, causing them to merge and then 





side wall is expelled to an annular flow regime and new droplets begins to emerge from a 
close locations to the first two. They observed that water droplets forming in the gas 
channels, may bridge between the walls of the channels under certain operate conditions. 
This leads to a partial or complete gas flow channel blockage. They photographed a complete 
gas flow channel blockage in their study. This blockage can hinder the reactant supply to the 
membrane, therefore the performance will be degraded significantly [46]. 
Kim et al. [47] designed a transparent PEM fuel cell with 25 cm2 active area to allow for 
the visualization of cathode channel from the top with fuel cell performance characteristics. 
Two-phase flow due to the electrochemical reaction of fuel cell was experimentally 
investigated. The images photographed by charge-coupled device (CCD) camera with 
various cell temperatures (30-50 °C) and different inlet humidification levels were presented 
in this study. Results indicated that the flooding on the cathode side first occurs very close 
the exit of cathode flow channel. As the fuel cell operating temperature increased, it was 
found that water droplets evaporated easily because of increased saturation vapor pressure 
and it might have an influence on lowering the flooding level. 
Liu et al. [46] used three transparent PEM fuel cells to investigate the liquid water and 
water flooding inside the PEM fuel cell. The plexiglass was used as a transparent material at 
the cathode side. The three transparent cells have different flow field channels design; 
parallel, interdigitated, and cascade flow field.  The effects of flow field layout, cell 
temperature, and cathode gas flow rate and operation time on water build-up and cell 
performance were studied, respectively. Their results indicated that the liquid water columns 
accumulated in the cathode flow channels could reduce the effective electrochemical reaction 
area; this leads to mass transfer limitation resulting in the low cell performance.  The water in 
flow channels at high temperature was much less than that at low temperature. When the 
water flooding appears, increasing cathode flow rate can remove excess water and lead to 
better cell performance. The water and gas transfer can be enhanced and the water removal is 





cell performances of the fuel cells that installed interdigitated flow field or cascade flow field 
are better than that installed with parallel flow field. The images of liquid water in the 
cathode channels at different operating time were recorded. The evolution of liquid water 
removing out of channels was also recorded by high-speed video camera. 
Ma et al. [48] designed a transparent PEM fuel cell with a single straight channel to study 
the liquid water transport in the cathode channel. Through this study they monitored water 
build up and removal in the channel directly. The real-time for water buildup information 
was determined. Furthermore, the water removal velocity was determined. The pressure drop 
between the inlet and outlet of the channel (∆P) was measured during the fuel cell operation 
and ∆P was recorded.  ∆P increased with the increase of water content in the channel and a 
∆P sharp decline corresponds to water discharge of water blockage. 
Air stream in the channel is forced to flow around these droplets, causing a substantial 
pressure drops inside the channels.  The exact mechanism inside the GDL that trigger the 
water eruption are not completely known, however,  some researchers referred that to the 
capillary pressure effect and the hydrophobic treatment  of the GDL pores to change its 
wetting characteristics so that water is better expelled [49, 50]. Two cases were  observed for 
water emergence; water droplet emerged away from the land area near the center of the gas 
flow channels and closer to the channel side walls, or even in contact with them [4, 51]. 
Water droplet behavior in the gas channel is one of the research topics which investigated 
experimentally and numerically in the literature, and it is beyond the scope of this work. 
Kumbur et al. [52] employed a simultaneous visualization for both side and top views of a 
water droplet inside a 5 mm × 4 mm channel to determine the droplet behavior. They 
developed an empirical correlation of surface tension of a droplet on surface diffusion layer 
as a function of PTFE content based on the experimental data. Furthermore, they observed 
that the removal of the relatively taller droplets is easier than that of relatively spread out 
droplets and films, due to the squared dependence of the drag force acting on the droplet 





Theodorakakos et al. [53] investigated the detachment of water droplets from carbon 
porous material surface under the influence of air stream flowing around them inside 2.7 mm 
× 7 mm channel. They indicated that the droplet shape changes dynamically from its static 
position, until finally loosing contact from the wall surface and swept away by air. 
Bazylak et al. [54] employed an experimental apparatus which consists of the gas flow 
channel apparatus on the fluorescence microscope stage and a schematic of the gas flow 
channel apparatus in cross section. The GDL is placed between a plexiglass base and a 
Polydimethylsiloxane (PDMS) channel structure with dimensions (3.7 mm × 4.5 mm).  The 
relatively large channel dimensions were chosen such that droplet emergence and transport 
could be studied in the absence of sidewall effects. A silicone rubber gasket was placed 
between the GDL and plexiglass base to prevent leakage. Air was delivered to the gas 
channel and controlled with a rotameter. Liquid water was injected through the bottom 
surface of the GDL using a syringe pump connected to the plexiglass base with Teflon FEP 
tubing. Liquid water was introduced from one side of the GDL from a single localized source 
and the images were captured using an upright fluorescence microscope through-plane 
evolution of liquid water transport.  To facilitate fluorescence imaging, fluorescent dye was 
used to tag the liquid phase. They observed that individual droplets emerge, grow, and detach 
from the GDL. However, it was commonly observed that over time these droplets leave 
residual liquid water particles on the GDL, which provide pinning sites for other droplets. 
Droplets became pinned to the GDL due to its high surface roughness and high contact angle 
hysteresis. Furthermore, a droplet may detach more easily and roll away due to the surface 
hydrophobicity. Moreover, droplets sitting on this highly rough surface experience fewer 
tendencies for detachment due to longer contact lines between the droplet and fibers and to 
the presence of contact angle hysteresis. They observed also, the emergence and detachment 
of individual droplets was followed by slug formation and channel flooding. 
Owejan et al. [55] investigated the liquid distribution in flow channels with and without 





without PTFE coating and discrete droplet with PTFE coating. Zhu et al. [56] used micro- 
computed tomography to look in droplet formation in hydrophobic channels and found that 
droplet did not detach from the GDL before removal, meanwhile in hydrophilic channels, a 
thin water layer formed at the bottom of the channel away from the GDL. Bayzlak et al. [57] 
experimentally studied the effects of a hydrophobic land surface on droplet removal. They 
concluded that droplets experience minimal entrapment in the GDL/land interface. Turhan et 
al. [58] used through-plan radiography to analyze the liquid water distribution in flow 
channels and GDL with and without PTFE coating. They found the PTFE coated channels 
resulted in discrete water droplets on the walls and higher water removal frequency, whereas 
in uncoated flow channels liquid forms a film layer around the walls and it is more difficult 
to purge. 
2.4 Summary 
The findings of these studies were important in terms of understanding the effect of 
hydrophobic surface on channel level liquid accumulation and how liquid water interact with 
the PTFE coated and uncoated channels, but they did not describe the effect of surface 
wettability ranging from superhydrophobic to superhydrophilic channel due to narrowing 
their choices with PTFE as a coating material. In this study, silica/PDMS composite coating 
on graphite channel surface are used to obtain the superhydrophobic surface and silica 
particles coating to obtain the superhydrophilic ones. Meanwhile, in between these two 
surfaces the non-coated graphite (slightly hydrophobic), PTFE coated graphite 
(hydrophobic), combined surface wettability channel (channel side walls are non-coated 
graphite and channel bottom surface is superhydrophobic coated) are investigated in this 
study. Furthermore, an advanced and expensive experimental techniques have been used to 
investigate water transportation and distribution inside an operating PEM fuel cell, including; 
neutron radiography, nuclear magnetic resonance (NMR), and gas chromatographic (GC) 





modifications in the cell design. However, it is hard to investigate the real-time liquid water 
distribution and removal in the testing section.  An optical diagnostics technique was applied 
to visualize two phase flow inside a single graphite channel as mentioned earlier. This 
technique gives obvious and more detailed images for the two-phase flow which helps in 
establishing a comprehensive understanding about the two-phase flow phenomena. However, 
Optically accessible technology limited by inherent nature, including; the change of the 
channel surface conditions, the fogging of the windows due to the higher temperature and 
almost fully saturated gas stream in the flow channels, and in different  electrical and thermal 
conductivity due to the Plexiglass s  material [45]. 
In addition to the gas flow channel, it is apparent from previous research that the treatment 
of GDL was split into two separate approaches: surface modification with a hydrophobic 
agent and pore control through a pore-forming agent. However, these two issues can actually 
be addressed simultaneously. For example, it is well known that the surface wettability of a 
solid depends on both surface chemical structures and physical configurations [59-63]. A 
superhydrophobic surface, upon which the static water contact angle is more than 150○ and 
sliding angle less than 5○, may generally be prepared by the combination of low surface 
energy materials and appropriate surface structure [11, 64-66]. Hence, in the case of GDL 
treatment, the pore-forming agent could reasonably take two roles, controlling the pore 
structure, and also making appropriate surface roughness to control the surface wettability. In 
the present work, a silica particle/PDMS composite are prepared and coated on the GDL. 
Silica nano-particles are used as a pore-forming agent as well as to adjust the surface 
roughness and structure of GDL. On one hand, micro pores are blocked but uniform macro 
pores (about 7 µm) are kept in GDL by these particles; on the other hand, the adjusted 
surface roughness assisted low surface energy material PDMS to attain the high surface 
water repellent property of GDL. In this work the silica particles used here are essentially 
hydrophilic with rich hydroxyl groups on their surfaces. They could make hydrophilic pores 





aforementioned studies, researchers focused on a uniformly PTFE treated GDL by dipping it 
into the PTFE suspension or spray depositing it with a mixture of PTFE and carbon powder, 
resulting in a uniformly PTFE treated GDL which has a uniform capillary force between the 
two GDL sides.  In this work the raw GDL is coated with PTFE emulsion from one side only, 
and the other side remained non-coated, resulting in a wettability gradient through GDL 









Experimental Apparatuses, Techniques, and Materials 
In this chapter, the experimental apparatuses, procedures, setups, techniques, and 
conditions will be explained and discussed in details. The main objectives of the 
experimental present techniques are illustrated as follows; firstly, to investigate the effect of 
different coating materials on graphite surface on surface characteristics, surface wettability, 
two-phase flow inside the coated graphite single channel, and PEM fuel cell performance. 
Secondly, to investigate the effects of different coatings materials used to modify the GDL 
wettability on its characteristics including; surface wettability, pore size distribution, 
porosity, capillary pressure, water removal rate, and on PEM fuel cell performance. The 
selected materials that used for GDL and gas flow channel surface modifications will be 
discussed briefly in this chapter.  
3.1 Coating Materials and Processes 
3.1.1 Silica Particles and Silica Polydimethylsiloxane (PDMS) Composite  
Hydrophobic and hydrophilic treatment of fuel cell components represents a research area 
of great interest due to the water accumulation and flooding issues at the cathode side of 
PEM fuel cell. Till now, the GDL and gas flow field channels are commonly treated by 
polytetrafluoroethylene (PTFE) [37, 67, 68] and its derivatives such as polyvinylidene 
fluoride and fluorinated ethylene propylene [3], to impart the hydrophobic properties on the 
GDL and gas flow field channel surface and alumosilicate fibers [36], to impart the 
hydrophilic properties on the GDL surface. Nafion and the loading of these materials is 
generally high, around 20 wt. % or more on GDL. On the other hand, the high cost and health 





complex. In this work, silica particles and polydimethylsiloxane (PDMS) are chosen as a 
coating material, since they are cheap, non-toxic, ease of use and robust nature [71].  
Silica and PDMS are mixed together, and applied to coat the gas flow field channels and 
the GDL, where silica particles are used to adjust the surface roughness and PDMS covered 
the top surface of silica particles and offered its low surface energy property in such 
composite coating. This combination of surface roughness and low surface energy material 
provide a hydrophobic coating on the surface of gas flow field channel and GDL [71, 72]. 
Further, adding silica nano particles to PDMS polymer reinforce the polymer matrix structure 
and increase the bonding force between the silica particles/ PDMS composite and the coated 
surface as PDMS polymer alone has low mechanical strength [73, 74]. This reinforcement is 
attributed particle-polymer interactions, through which hydrogen bonding between particles 
significantly increases the resistance to the applied force [75].  
The size and loading of silica particles and the loading of PDMS polymer in silica/PDMS 
composite has a critical role in determining the surface properties. Wang et al.[71] concluded 
that the silica/PDMS optimum properties on the coated surface were obtained when the 3 wt. 
% of 262 nm silica particles mixed with 1 wt. % of PDMS in Tetrahydrofuran (THF), and 
referred to as silica particle/PDMS composite. This composite gives the highest contact angle 











3.1.2 Graphite Coating 
3.1.2.1 Coating Materials 
A resin impregnated graphite sheets grade FU 4369 HT purchased from Fuel Cell Store 
Inc. Colorado, US,  is cut into square samples (2 ×2 cm) and channels (150 × 4 × 4 mm, 
channel size). All these samples are cleaned by ultrasound to wash off the absorbed carbon 
powders. Tetramethyl orthosilicate (TEOS), ammonium hydroxide aqueous solution (28.0-
30.0 wt. %) and Polytetrafluoroethylene (PTFE, 60 wt. % in  H2O) are obtained from Sigma-
Aldrich Ltd., ON, Canada. The Sylgard 184 kit (PDMS), containing PDMS oligomers and 
curing agents, are purchased from Dow Corning, MI, USA. The solvents, ethanol, methanol, 
iso-propanol and tetrahydrofuran (THF) are of analytical grade and used as received from 
Sigma-Aldrich Ltd., ON, Canada. 
3.1.2.2 Graphite Coating Processes 
Surface energy of the graphite channels are modified accordingly using different materials. 
Four graphite channels are prepared with different surface wettability in addition to the raw 
(non-coated) graphite channel which is slightly hydrophobic as shown in Table 3.1. 
Table 3:1: Chemical mixture composition and coating procedure parameters showing mixing 
time (tmix) and sintering time (tsin) for various surface wettabilities sol-gel spread coating  
No. Surface Wettability Solvent Contents tmix (min) T(°C) tsin(min)
1 Superhydrophobic Tetrahydrofuran(THF) 262 nm silica 
particles/PDMS1 
composite 
10 180 5 
2 Hydrophobic Dispersed in water PTFE2 emulsion 10 180 30 
3 Slightly 
Hydrophobic 
-- Non-coated graphite -- -- -- 
4 Superhydrophilic Ethanol 262 nm Silica 
particles suspension
10 180 30 
5 Combined surface 
wettability channel 
-- Bottom surface is 
superhydrophobic 
and side walls are 
slightly hydrophobic
-- -- -- 
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produced by coating one side of the GDL with PTFE to study the effect of wettability 
gradient through GDL plane.  
3.1.3.1 Coating Materials  
Raw GDL (SpectraCarb 2050-A, 10 ×10 cm, from Fuel Cell Store, USA) is cut into 2cm × 
2cm and circular with 2.3 cm diameter. All samples are cleaned by ultrasound to wash off the 
absorbed carbon powders. Tetramethyl orthosilicate (TEOS), ammonium hydroxide aqueous 
solution (28.0 - 30.0 wt. %) are purchased from Sigma-Aldrich Canada Ltd. The Sylgard 184 
kit, containing PDMS oligomers and curing agents, are purchased from Dow Corning, MI, 
USA. The solvents, ethanol, methanol, iso-propanol, and tetrahydrofuran (THF) are of 
analytical grade and used as received from Sigma-Aldrich Canada Ltd. Water used is 
prepared from Milli-Q Ultrapure Water system (Millipore Co., USA). 
Polytetrafluoroethylene (PTFE, 60 wt. % in H2O) is purchased from Sigma-Aldrich Ltd., 
ON, Canada. 
3.1.3.2 Silica Particles Coating on GDL 
Prepared silica particles are re-dispersed in ethanol, resulting in 1 wt. % suspension by 
ultrasound. 0.04 mL of this mixture is evenly spread on the both surfaces of raw GDL. After 
evaporating the solvent, the sample is cured for 5 min at 180 °C. The GDL samples are 
treated following the same processes and to be tested for the PEM fuel cell performance. 
3.1.3.3 PDMS Coating on GDL 
 Dow Corning Sylgard 184 kit (2.0 g oligomers and 0.2 g curing agent) is dissolved in 17.8 
g of THF, resulting in a 10 wt. % solution. 0.04 mL of the solution is spread on the raw GDL 





3.1.3.4 Silica Particles/PDMS Composite Coating on GDL 
Prepared silica particles (3wt %) and PDMS (1wt %) are dispersed in THF by ultrasound. 
0.08 ml of this mixture is evenly spread on the surfaces of raw GDL .When the solvent 
evaporated, the sample is cured for 5 min at 180 °C. The GDL samples are treated following 
the same procedures and used in the fuel cell assembly instead of the conventional GDL in 
order to investigate the overall PEM fuel cell performance for each case. 
3.1.3.5 Polytetrafluoroethylene (PTFE) Coating on GDL 
Raw GDL is coated using PTFE 60 wt. % solution. The solution is diluted to 15 wt. % by 
De-Ionized water (DI water), and then coated on one side of the raw carbon paper by 
brushing the PTFE emulsion using a painting brush. The sample is dried in oven for 2 hours 
at 180 °C. Finally, the coated GDL is washed by methanol and water to remove the 
surfactants brought in by emulsion. The weight of GDL is measured before and after coating. 




3.2.1 Silica Particles Characterization 
Prepared silica particles are dispersed in ethanol. Their sizes and size distribution 
(polydispersity index, PDI) are measured by Dynamic Light Scattering (DLS) (Zetasizer, 
Malvern Inc., UK) at 20 ºC. The PDI is calculated from the following equation:  
 
 ln 1                      3.1 





where G1 is a correlation function, the second order cumulant b is converted to a size using 
the dispersant viscosity and instrumental constants. The coefficient of the squared term c, 
when scaled as 2c/b2, is defined as PDI, which can range from 0 (monodisperse) to 1 
(polydisperse). The Z-average diameter and PDI of the prepared silica particles is 262 ± 5 nm 
and 0.02, respectively [76]. In this thesis the silica particle size referred as 262 silica 
particles. 
 
3.2.2 Surface Topography and Roughness Measurements 
The surface topography of non-coated and coated graphite and GDL samples are  observed 
by field-emission Scanning Electron Microscope (SEM) (LEO 1530, Germany), and the 
surface roughness is measured on an ST400 Optical Profiler (NANOVEA, Affiliate of Micro 
Photonics Inc., USA). 
3.2.3 Surface Wettability Measurements 
The surface wettability of the graphite and GDL and graphite samples are determined by 
measuring the static contact angle (θ) and sliding angle (α) as follows. 
3.2.3.1 Static Contact Angle Measurements 
The static contact angle (θ) of water is measured for the coated and non-coated graphite 
and GDL surfaces using Kruss DSA contact angle apparatus, on which a PTFE needle (inner 
diameter 0.25 mm; outer diameter 0.52 mm) was equipped. To measure the static contact 
angle, 10 μl droplets are introduced at 5 different locations on each sample, and the standard 
deviation are estimated. 
The contact angle is measured under room temperature and atmospheric pressure; however 
since the PEM fuel cell is running at 80 °C. The effect of temperature is investigated by 





sample is replaced in a heat chamber equipped with a small transparent window to allow 
imaging the water droplet on the tested sample. 
3.2.3.2 Sliding Angle Measurements 
In this work the sliding angle for the water droplet is measured for the coated graphite and 
GDL surfaces using Kruss DSA contact angle apparatus with a tiltable plane using 10 μl of 
water droplet. The plane is attached to the angle measuring wheel which is scaled from 0° to 
360°. The water droplet is placed into the coated channel or on the GDL surface, while both 
the channel and the GDL are in a horizontal orientation, and then by rotating the wheel the 
graphite/GDL surface is tilted. The tilting angle is recorded manually when the droplet starts 
to move on the channel surface. At least 5 readings are recorded for each surface and the 
error is determined from these readings. The Kruss DSA visualization systems are used to 
monitor the droplet when it starts to slide. The measurement is measured at room temperature 
and atmospheric pressure. 
3.3 Experimental Techniques for Two-Phase Flow Visualization     
3.3.1 Experimental Set-up 
The experimental set-up used in this study is designed for co-current flow of air and DI 
water in 4 × 4× 150 mm horizontal graphite channel. Figure 3.2 shows the schematic of the 
graphite channel. The cross-section of channel is determined in macro-channel region which 
proposed by Mehendal et al. [77] with hydraulic diameters 1-6 mm, and to ease the channel 
coating, the channel cross-section area is determined 4 × 4 mm cross section. 
Graphite channel is stacked between two Plexiglass plates for flow visualization purpose 






Figure 3.2:  Side and top views of the designed graphite channel showing the side and top 
views. 
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pressure at the channel inlet and the pressure at the channel exit is kept at atmospheric 
pressure as shown in Figure 3.4. The two-phase flow is confirmed with visualization of the 
flow patterns, which monitored and recorded by high speed 12 bit complementary metal–
oxide–semiconductor (CMOS) camera system (PCO.DIMAX, 12bit, image rates of 1279 
frames per second (fps) at full resolution of 2016 x 2016 pixel). CMOS technology has a 
unique advantage over other available visualization techniques which is high noise immunity. 
Two halogen lights sources (600W) are used to illuminate the testing section, while an 
electric fan is installed on each light to reduce the temperature of the light source. 
3.3.2  Leak Test 
Before start testing, Leak test is carried out for the stack and for the set-up pipe lines. The 
stacked channel is pressurized with nitrogen at the air inlet after blocking the channel exit 
and the DI water inlet. If the gage pressure shows a constant/no change in pressure value 
during in a period of 5 min, this indicates that the stack is sealed properly. However, in case 
the set-up shows a decrease in pressure value, then the stack is leaking. Thus, the stack needs 
to be placed in a DI water container to dedicate the leaking spots, which has to be fixed 
accordingly. This process is repeated until the accumulated pressure inside the stack stops 
decreasing to ensure proper experiment procedure.  
The leak of air and DI water lines in the set-up are tested separately following the same 
procedures, after that the set-up will be tested with the installed stack. After pressurizing the 
whole set-up with the stack, in case the pressure inside the set-up is decreased, this indicates 
that the system is leaking. To determine the leaking spots, a soap solution is sprayed on the 
pipe lines and connections. Thus, bubbles formation can be used as an indication for the 
occurrence of the leakage at certain locations. The leakage has to be fixed, and this process is 





3.3.3 Test Loop 
Experiments are carried out in the test loop that is schematically shown in Figure 3.4; 
1- DI water pumped from a water tank, passed through a flow meter with a valve to 
control the flow rate, (Omega-High Accuracy Shielded Rota meters FL-113) with ± 2% 
of reading accuracy and ± 1% of reading repeatability, to the channel test section and to 
the drainer,  
2- Once the desired flow rate of DI water is reached, Air is supplied through a laboratory 
compressed air system passing through a flow meter with a valve to control the flow 
rate (Cole-Parmer 150mm Correlated Flow meter with High-Resolution Valves R-032 
series) ± 2% of full scale reading and ± 0.25% of reading repeatability , to channel 
testing section, and to the drainer,  
3- The flow images of the two-phase flow are recorded after the flow reaches a steady 
state. The required time for the flow to reach steady state is about 15-20 min. The 
steady state of the flow can be distinguished from the stability of the flow meters 
readings and the repeatability of the flow pattern which captured through the CMOS 
camera on the computer screen, and 
4- The frequency of imaging is 2000 fps depends on the air flow rate. All the images are 
recorded and analyzed accordingly. 
3.3.4 Pressure Measurements 
The stacked channel has three graphite surfaces and the fourth one is plexiglass s  as shown 
in Figure 3.3. The plexiglass s  is slightly hydrophilic which might affect the pressure 
readings. Thus, the channel is covered with hydrophobic GDL to eliminate the plexiglass 
effect on the pressure measurements and to simulate the channel in the real PEM fuel cell as 






Figure 3.5: Graphite channel covered with hydrophobic GDL for pressure measurements. 
 
After installing the stacked channel covered with hydrophobic GDL in the apparatus, the test 
loop is carried out again and the pressure is measured at the channel inlet and the pressure at 
the outlet is atmospheric. The pressure readings are recorded and averaged by Jumbo-size 
digits RS-232 at 1 Hz for 5 minutes after reaching the steady state. 
3.3.5 Experimental Conditions 
All experimental investigations are carried out at room temperature and atmospheric 
pressure as shown in Table 3.2. 
Table 3:2: Experimental conditions for two-phase flow investigation in graphite channels 
with different surface wettability 
Parameter Type Condition 
Gas Dry Air Laminar flow regime 
( Reair ≤ 2000) 
Liquid DI Water Laminar flow regime 
(Rewater ≤ 2000) 
Temperature -- Room temperature 






 The flow velocities of air and water supply correspond to laminar flow regime. Hence, the 
current experimental purpose is to simulate the typical PEM fuel cell operating conditions, 
yielding the anode and cathode gas flow in the laminar flow regime. Furthermore, the typical 
laminar flow is more than sufficient to provide the mass transport of the reactant gases into 
the electrode for fuel cell electrochemical reactions under the most extreme fuel cell 
operating conditions (high current densities) [78, 79]. The experimental work is conducted 
with a laminar-laminar air-DI water two-phase flow in horizontal mini channels at 
atmospheric pressure and room temperature. 
The two-phase flows in different channels are characterized by the air volumetric flux, JG 
(m/s) and the DI water volumetric flux JL (m/s), defined respectively as; 
  3.2
  3.3
Where QG and QL (m
3/s) are the volumetric flow rate of air and DI water which controlled 
by flow meters; Ai is the cross-sectional area of the channel at the air and DI water inlet. 
All experiments are conducted when the channel is in a horizontal orientation to ensure 
that the water is in touch with the graphite channel. Hence, in vertical orientation water 
tends/prefers to travel through the plexiglass s surface since it is more hydrophilic than 
graphite surface. This may negatively impact the measurement uncertainties which can lead 
to a considerable misleading in the two-phase flow results inside the graphite channel. 
Experiments are conducted by keeping the volumetric flux of water at JL = 0.02, 0.12, 0.65, 
and 1.03 m/s, respectively, while varying the volumetric flux of air JG = 3.63, 4.84, 6.19, 
7.37, and 8.68 m/s. 
Five different channels with different surface wettability for each are employed in this test 







Table 3:3: Surface conditions of the tested channels 
No. Surface Condition Coating  Material 
1 Superhydrophobic Silica/PDMS 
2 Hydrophobic PTFE 
3 Slightly hydrophobic Non-coated 
4 Superhydrophilic Silica 
5 Combined surface 
wettability 
Silica/PDMS –(bottom surface) raw 
graphite (side walls) 
 
3.4 Gas Diffusion Layer’s Porometric Characteristic Measurements 
In this work a non-destructive Method of Standard Porosimetry (MSP) is used to 
investigate the Porometric characteristics of GDL including; average porosity, integral pore 
volume, pore size distribution, capillary pressure and wetting angle distribution. This method 
is used to study all GDL samples used in this work in order to understand the effects of 
different coating materials on GDL porometric characteristics.  
3.4.1 Principle of Operation of Method of Standard Porosimetry (MSP)  
The automated standard porosimetry machine is a manipulation robot that realizes method 
of standard porosimetry in automated mode. It is provided by Porotech Ltd., Toronto, ON, 
Canada. Standard Porosimeter 3.1 consists of the following parts as shown in Figure 3.6: 
1. Drying station,  
Drying station realizes several functions: tight contact of standard and the sample 
(hereinafter kit) with required compression, heating of the kit to the fixed 
temperature, vacuum drying, equalizing the kit to reach the capillary equilibrium.  
2. Weighing station, 
Weighing station includes digital analytical balance with accuracy ±0, 0001 g. It 





3. Manipulation robot,  
Manipulation robot intends to move holder kits with standards and samples from 
drying station to weighing station. 
4. Vacuum system, 
 Vacuum system consists of mechanical lubricated rotary vane vacuum pump Dekker. 
5. Protective box, 
Made from Aluminum and It serves to protect analytical balance and precision 
mechanisms from the environment (particularly dust). 
6. Block of electronic control and personal computer (PC), 
Block of electronic controls the functions of Porosimeter utilising programmable 
logic controller (PLC) with drivers for electric step motors. 
7. Holder kit, 
Holder kit intends to carry standards and samples. It consists of three Aluminium 
alloy cups that can be put one to another. 
8. Peripheral equipment for standards and samples pre-treatment,  
 This equipment is used to dry the sample and saturate it with the working liquid.   
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                      3.4 
where γ is interfacial tension of the liquid, θ is the static contact angle of the liquid 
droplet on the solid, and r is the maximum radius of pore filled with liquid. As 
equilibrium of capillary pressure between the standard body (sb) and the object body 
(ob) is reached during MSP testing, it is possible to rearrange as; 
 , ,
2 2
                      3.5 
                        3.6 
when a highly wettable liquid such as octane is used as a wetting liquid, the contact 
angle for the both bodies can be regarded as 0°. Consequently, rsb at the given 
saturation and capillary pressure is determined in terms of rob. 
3.4.2 Experimental Procedures 
1- GDL sample is cut  using the cutting mould with diameter ( D = 23 mm), 
2- The cut GDL sample and the standards are dried and saturated under vacuum with 
octane or DI water, 
3- The cut GDL sample and the standards are placed in the aluminum cups, the sample 
should be held between the standards, 
4- The stack is transferred into the chamber where the standards and the sample are 
brought into contact. The stack undergoes drying and preset conditions of vacuum, 
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the hydrophobic and hydrophilic GDL pores since it penetrates both pores easily. Meanwhile, 
DI water is neither highly wettable to most of surfaces like octane nor highly non-wettable 
like mercury, so it is used to investigate the hydrophilic pores only. The GDL sample is 
boiled for 30 min in DI water and kept for 24 hours saturation time in a hot DI water bath at 
70 °C, to obtain porometric results for the water in identical environments to the real 
operational PEM fuel cell.  
The saturation temperature and the chamber are maintained at 70 °C. Meanwhile, for 
octane the temperature is reduced to 50 °C to obtain more representative data, since octane is 
more volatile than water. The compression pressure of the stack is kept at 200 kPa to 
guarantee that GDL sample is in touch with the standards during capillary pressure 
equilibrium. Excessive compression force may change both overall porosity, and pores size 
distribution. Thus, it may cause permanent deformation of pore structure of GDL. On the 
contrary, insufficient compression may yield to limited contact between the samples, which 
hinders in equilibrium of capillary pressure. 
Five different GDL samples with different wettability are investigated in these experiments 
as illustrated in Table 3.4. 
 
 
Table 3:4: Tested GDL samples using MSP 




262 nm Silica particles/PDMS 
2 Superhydrophilic 262 nm Silica particles 
3 Slightly hydrophobic Non-coated sample 
4 Type A with MPL Both sides PTFE coated 
5 One side hydrophobic 
GDL 
One side PTFE coated GDL 
 






3.5 Water Removal Rate Measurements & Droplets Imaging 
Water removal and visualization tests are applied on the one side hydrophobic, raw, and 
commercial GDL samples to measure the amount of transferred DI water through GDL 
sample in a certain period of time. Further, the droplets emerged on the GDL surface are 
imaged using high speed camera. This test is designed to investigate the effect of 
wettability gradient of one side hydrophobic GDL. 
3.5.1 Experimental Set-up 
Water removal rate is measured using a 20 ml syringe barrel. A 13 mm GDL token is capped 
to the barrel at the finger flange side and the DI water is supplied into the barrel from the 
needle hub side. The barrel is fixed in vertical orientation as shown in Figure 3.10.  Once the 
water starts to discharge from the GDL out of the barrel under the gravity effect, the time and 
the amount of water are recorded by timer and digital balance with ± 0.001g accuracy 
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4- The GDL sample with barrel is installed in the experimental set-up in a vertical 
orientation as shown in Figure 3.10, 
5- Water supplied to the barrel, and as soon as the water come out from the GDL the time 
and weight of the discharged water are recorded, 
6- Sensicam camera is used to image the droplets drain out of GDL at 30 fps. 
3.5.3 Experimental Conditions 
The test for each GDL sample is conducted under the room temperature and atmospheric 
pressure. This test is designed to study the effect of wettability gradient through GDL plane. 
Thus, four different GDL samples are tested; one side hydrophobic GDL where the coated 
side facing water in the syringe barrel; and one side hydrophobic GDL where the non-coated 
side facing water inside the syringe barrel, commercial, and raw GDL. Each sample is tested 
for five times. The average and the standard deviation are estimated for each sample.  
3.6 PEM Fuel Cell Design and Experimental Testing 
The PEM fuel cell is designed, fabricated, and assembled in-house; the design and 
fabrication steps of the flow fields plates, end plates, and current collectors are discussed in 
this section. The assembly procedures, sealing materials, and leak testing procedures are also 
explained. Further, the operating principles of testing apparatuses such as a Fuel Cell 
Automated Test Station (FCATS-S800) and other experimental set-ups are also discussed in 
this section. Finally, the experimental procedures and conditions as well as the accuracy of 
the experimental data are discussed in the following subsections. 
3.6.1 PEM Fuel Cell Components and Design 
In this work two different PEM fuel cells are used. The first one is with 100 cm2 active 
area and with single serpentine flow field plate and the second one is with 40 cm2 active area 
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3.6.1.2 Channels Layout Design  
The appropriate design of flow channels built on the flow field plates is critical for water 
management. Serpentine flow channel layout [5] is the most widely used one, often regarded 
as “industry standard”, since under the same operating and design conditions, PEM fuel cells 
with serpentine flow channels tend to have the best performance and durability. 
In this work, serpentine flow field layout is designed for all cells, in which reactants enter 
from one side and leave through the other, traversing in a single pass over the active area as 
shown in Figure 3.12. In this layout, due to the existence of only one path for the reactants 
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3.6.1.3 Channel Cross-Section Shape 
A flow channel cross section shape is determined by the manufacturability of this shape 
and the cost of manufacturing. Many choices of the cross-sectional shape are proposed, from 
the simple rectangular or square shape, to triangular, trapezoidal, semi-circular shape or any 
other shape that might be applied on the flow channel. However, since graphite material is 
the typical material used in the conventional flow field plate. This will narrow our choices for 
the cross-section shape. Graphite material is hard and brittle. Hence, it is difficult to machine 
the flow channels on it. Consequently, fabricating the flow channels on the flow field plate is 
time-consuming and expensive process, which contributes significantly to the total cost of a 
PEM fuel cell stack [81]. 
To reduce the cost, the channel fabrication process should be simplified. The geometrical 
shape of the cross section has to be categorized as simple geometry.  Rectangle and square 
cross section shapes have traditionally been chosen for the flow channel design and 
fabrication because of their geometrical simplicity. 
3.6.1.4 Channel Dimensions Calculations 
The channel dimension can be categorized into small dimensions and large dimensions. 
Small dimensions are: channel width (a), channel depth (b), and the land area width (channel 
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where ρ is the density, µ is the viscosity of the gas flowing in the flow channels, and U is the 
flow stream velocity in the channels, which can be determined as: 
where  is the mass flow rate in the flow channels, and  is the hydrulic diamter of the 
flow channle. The Dh for rectangular channels is calculated as: 
where AC is the cross section area of flow channel, which is determined as: 
where a and b are the width and hight of the flow channel, respectively.  
Wetted perimeter is defend as:  
For laminar flow regime inside the channel, the maximum permissible Reynolds number 
should be maintained at 2000. However, the minimum Reynolds number to provide sufficient 
flow convection should be in the order of 100 or higher. In this case, the hydrodynamic 
entrance length is defined as:  
   
Since the cross-sectional area of the flow channel is typically small compared to the length, 
the entrance region can be neglected. The pressure drop of flow along the flow channel 
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where f is the friction factor for fully developed laminar flow in squared flow channel is 
given as [83] 
Assuming that a = b (width = height) and substituting the equation (3.12) into equation 
(3.11). The pressure drop can be expressed again as: 
 ∆ 28.455                             3.15




                           3.16 
 
3.6.1.5 Membrane Electrode Assembly (MEA) 
MEA consists of membrane layer, two catalyst layers, and two GDLs layer. Two types of 
MEAs are available; three layers MEA, and five layers MEA. The recent one comes with the 
GDL all assembled as one piece. However, three layers MEA do not have GDL layers. 
The membrane fabricated by SolviCore GmbH & Co. KG, offered with two sizes to our 
labs; a 100 cm2 and 40 cm2. It consists from three layers; a membrane layer and two catalyst 
layers. The three layer assembly required external gas diffusion layers to be placed on the 
MEA during the cell assembly process.  The MEA used in the present experiment consisted 
of a Nafion 112 membrane, a total platinum loading of 0.5 mg.cm−2   for both cathode and 
anode.  
Two types of gas diffusion layers are used; first one supplied by SolviCore GmbH & Co. 
KG and the second one is provided by SpectraCarb.  The SolviCore GmbH & Co. KG GDLs 
are manufactured using carbon fiber  which is bound using a carbon based adhesive and is 








with the catalyst layer is coated with a micro-porous layer (MPL).  The MPL consists of 
carbon black powder and approximately 10 wt. % PTFE, which acts as a hydrophobic agent 
and to bind the powder. This GDL is mostly used for the anode side in PEM fuel cell in the 
current study.  
SpectraCarb GDL is made from carbon fiber with 0% PTFE content. In this work 
SpectraCarb GDL is used in cathode side of PEM fuel cell. The GDL wettability is modified 
using different materials as mentioned earlier in section 3.1.2.  
3.6.1.6 Electrical Collector and End Plate Design 
End plate is made from aluminum alloy, 6061.  This material  satisfies  the functional  
requirements  of the end plate,  high  strength  (125  MPa tensile  strength)  and  high  
thermal  conductivity  (180  W/m-K) [84]. Aluminum 6061 is easy to machine and it is 
relatively cheap compared to other aluminum alloys.  The aluminum end plates used for the 
PEM fuel cells are designed and fabricated in two different sizes; one for the 100 and 40 cm2 
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pressurizing single side of the MEA. Any bubbles in the water indicated crossover (pin-holes 
in membrane) of the reactants.  
For the peripheral leakage test, the anode/cathode side is connected to the nitrogen supply 
at the inlet, while the outlet of is plugged. When the pressure reaches to 25 KPa on the 
pressure gauges, the valve is shut off simultaneously. The pressure gauge, between the valve 
and the cell, sensed any pressure loss due to leakage. If the pressure is retained for about 15 
min, the cell is safe to operate with a hydrogen and air stream. This process is performed for 
both; anode and cathode sides. 
3.6.5 Performance Test 
If the assembled cell is not leaking, this means that the cell is ready and safe for 
performance test. In this work, the performance test is designed to allow for the inspection of 
cell potential and power density  response,  as  a function  of current  density,  to  changes  in  
cell  cathode’s GDL and gas flow channel wettability. Each test cell is run at varying current 
load settings, increases incrementally, while cell potential is monitored and recorded, along with 
several other controlled parameters.   
Figure 3.19 shows the schematic diagram for PEM fuel cell connected with FCATS-S800 
testing station. The anode and cathode inlets of the fuel cell are connected to the hydrogen 
and air supplies of the FCATS-S800, respectively. The oxidant and fuel gauges are heated 
and humidified before they enter into the channels where they are consumed in the 
electrochemical reaction. The cell is heated to 65 °C using heating pads. In the meantime the 
cell is operated at 25mA/cm2. This will generate heat and allow the cell to reach operational 
temperature sooner. The warm-up process typically takes between 60 to 90 minutes. The 
current and voltage of a PEM fuel cell can be measured by the load box through two power 
cables. The fuel cell requires about 90 minutes reaching the steady state condition, defined as 
reaching all the required operating conditions as illustrated in Table 3.5. Then, each reading 








Table 3:5: List of PEM fuel cell operating conditions 
Description Value 
Cell temperature (°C) 65 
Anode Inlet temperature (°C) 65 
Cathode Inlet temperature (°C) 65 
Anode and Cathode back pressure (gauge) (kPag) 25 
Anode stoichiometry (St.) 1.2 
Cathode stoichiometry (St.) 2 
Relative humidity at the cathode and anode inlet (%) 100 
 
When the cell is operated for the first time, the cell has to be activated. The activation 
process requires running the cell after it reaches the steady state between 0.5-0.7 volts at least 
for 20 hours. This process is repeated at least three times. In this work the time between the 
successive activation tests, is at least 24 hours. The activation process increases catalyst 
utilization by activating many ‘‘dead’’ regions in the catalyst layer. Further, Nafion is mixed 
into the catalyst layer to make it proton conducting in three dimensions, many of the catalyst 
sites are not available for reaction due to various possible reasons: (1) reactants may not 
reach the catalyst sites because they are blocked, (2) Nafion near these catalyst sites might 
not be easily hydrated, or (3) an ionic or electronic continuity might not established to these 
sites. Activation process might open some of these dead areas and become active. The 
activation process is stopped when the cell performance becomes steady and do not increase 
compared with the last activation test [86]. 
3.6.6 Uncertainty Analysis 
As mentioned earlier, the FCATS testing station consists of different control and 





according to procedure and standards established by the National Institute of Standards and 
Technology (NIST). The accuracy of the measuring and control instruments are provided by 
the manufacturer, as illustrated in Table 3.6. 
Table 3:6: Summary of parameter uncertainty for FCATS-S800 [85] 
Parameter Units Range Uncertainty 
 
Flow 
Anode nmlpm 0 - 4000 ± 1%  
Cathode nmlpm 0 - 16000 ± 1%  
Temperature ˚C -20 - 100 ± 2 ˚C 





Voltage (high range) 
V 
10 - 50 ± 0.25% 
Voltage (low range) 0 - 10 ± 0.5% 
Current (high range) 
A 
5 - 400 ± 0.25% 
Current (low range) 0 - 5 ± 0.5% 
 
The fuel cell performance measurement involves many  processes that occur inside the cell 
at the same time. These processes include electro chemical reaction, mass and heat transfer, 
electron and proton conduction, and water management. Thus, the cell performance has no 
standard error analysis can be fully applied to all of these processes at the same time. 
However, the performance curves can be easily compared with confidence. Further, the error 
analysis of the performance test measurements is obtained by repeating each test at least 5 
times, especially for the 40 cm2 PEM fuel cell. And then the coefficient of variation (CV) is 
estimated. Thus, every test is repeated five times (N) for each operating condition and each 
voltage reading (x) is recorded by the data acquisition system at frequency of 1 Hz (1 reading 
per second) over sufficient period of time. The average and standard deviation can be 
computed as follows:  
        





Therefore, the standard deviation (σ) of the set of reading for the voltage at certain current 




                    3.18 
Since the average value represents the average of the measured voltages at the same current 




                   3.19 
The coefficient of variation (CV) is defined as the ratio of the standard deviation to the 
mean	 :  





















Results and Discussion 
The discussion of the results is divided into three main parts; in the first part, silica/ 
Polydimethylsiloxane (PDMS), Polytetrafluoroethylene (PTFE), silica coated graphite and 
the none-coated graphite surface characterization results, and the impact of each type of 
surface coating on the surface wettability characteristics, two-phase flow in macro-channel, 
and  PEM fuel cell performance is discussed. In the second part, silica/PDMS and silica, 
which are considered as  new coating materials for GDL is studied along the non-coated 
GDL and the commercial GDL (30 wt. % PTFE coated GDL with MPL). Further, their effect 
on the GDL characteristics, wettability, and on the PEM fuel cell performance is also 
investigated. Meanwhile, the third part covers the effect wettability gradient through GDL 
plane by coating one side of GDL with 15 wt. % PTFE on GDL characteristics, water 
removal capabilities and PEM fuel cell performance are investigated along with the 
commercial and non-coated GDL. Since the second part of this chapter discusses the effect of 
the new coating materials along with the commonly used materials. Further, the third part 
discusses the effect of a new technique of coating using a conventional coating material 
(PTFE) which results in a wettability gradient through the GDL plane. 
4.1 The Effect of Gas Flow Channels Composite Coatings on the Surface 
Characteristics, Wettability, Two-Phase Flow, and PEM Fuel Cell 
Performance   
4.1.1 Effect of Composite Coatings on Surface Wettability  
Coating graphite surface with different materials results in different surface wettability 





the static contact angle (θ) as illustrated in Table 4.1. However, when the water droplet is 
moving on the solid surface, the higher static contact angle does not always correlate with 
smaller sliding angle (α).  This would mean that hydrophobicity has to be distinguished from 
the true repellency of water droplets. Surface roughness also contributes to static contact 
angle as the drop is pinned on the surface. The contact line of a droplet can have a complex 
shape according to the surface geometry, resulting in increasing repellency of water droplet 
on solid surface, hence roughness increases the amount of air entrapped between the water 
droplet and the solid surface [88-90]. Furthermore, as the amount of air increases beneath the 
droplet, water repellency increases; hence the static contact angle between water and air 
phases is 180°. This reduces the droplet sliding angle as illustrated in Table 4.1. 
 
Table 4:1: Measured static contact angle (θ) and sliding angle (α) for different channels with 
different surface wettability. 
No. Coating  Material Surface Condition θ α 
1 262 nm Silica 
particles/PDMS 
Superhydrophobic 155±2° 19±1° 
 
2 PTFE Hydrophobic 145±5° 67±1° 
3 Non-coated Slightly hydrophobic 95±2° >90° 
4 72 nm Silica Particles Superhydrophilic 15±2° Thin Film 
 
It is clear that superhydrophobic surface have the best water repellency among the other 
three tested surfaces. This because of the low surface energy of the silica/PDMS coating and 
its complex structure formed on the graphite surface. On the other hand, the hydrophobic 
surface has less water repellency due to high sliding angle (α = 67 ± 1°). In spite of low 
surface energy (θ = 145 ± 5°) of PTFE coating surface structure of the PTFE coating resulted 





It is seen that the slightly hydrophobic surface has higher surface energy (θ = 95 ± 2°). The 
droplets and slugs can form on the slightly hydrophobic surface; however, they hardly slide 
on the surface (α ≥ 90°). This relates to the structure of the non-coated graphite unlike the 
superhydrophobic surface. On the other hand, the droplets do not form on the 
superhydrophilic surface. This can be due to the nature of silica particles, which is typically 
hydrophilic (high surface energy) with the surface hydroxyl groups [91]. Unlike the rest of 
the surface conditions, the water completely spreads on the superhydrophilic surface forming 
a thin film instead of droplets or slugs. 
The effect of temperature on the contact angle of the superhydrophobic coating is not 
significant as shown in Figure 4.1. This might be attributed to the stability of the structure of 
composite coating on the graphite surface. Further, in the running fuel cell the effect of 
temperature on the contact angle of the superhydrophobic surface might be negligible, thus 
all contact angle measurements in this study are considered at room temperature.  
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silica particles adjust the surface roughness, resulting in high contact angel (θ). Meanwhile, 
the nano-scaled silica particles aggregate together and form micro-scaled caviar-like structure 
on the graphite surface, and these two tiered micro-/nano-structures further decreases the 
contact angle hysteresis, resulting in lower α on the surface [96]. 
Based on the aforementioned results, the superhydrophobic property of 262 nm silica 
particles/PDMS composite coatings is obtained for three combined reasons: 1) the graphite 
surface energy reduction because of PDMS coating, 2) the surface roughness and structure of 
graphite are adjusted by silica particles, and 3) the quick curing of PDMS in the composite 
coating caused silica particles to form in a caviar like structure. These reasons formed a 
complex homogenous structure with low surface energy, resulted in superhydrophobic 
properties with low α. However, the non-coated graphite surface is full of irregular peaks and 
valleys. This heterogeneity causes a large contact angle hysteresis on the surface [97, 98], 
thus the water droplet is hard to slide on the surface. 
 PTFE can help to prepare a hydrophobic surface as a low surface energy material. The 
measured value of θ on PTFE-coated graphite surface is 145 ± 5°, and value of α is 67 ± 1°. 
It is noticed that θ value is larger than θ value on a flat pure PTFE surface (θ = 120°) [99]. 
The improved surface hydrophobicity may be caused by the surface roughness of the original 
graphite. As it is shown in Figure 4.2a, the surface of non-coated graphite considerably has 
irregular features, and its Ra is 4.23 μm. PTFE coating on the graphite surface reduces the 
surface energy of the graphite surface; however, the structure of the PTFE coated graphite 
does not have a big difference to the non-coated graphite.  Hence, the values of both Ra and 
Rt for the PTFE coated graphite are found to be 3.95 μm and 148.76 μm, respectively as 
illustrated in Figure 4.4. Thus, the value of α is kept high as 67±1°, even though the PTFE 
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After thin film is formed in the channel, the air travels above the thin film. Due to the shear 
stress between water and air, the air drives the thin film out of the channel. The required 
shear stress to drive the thin film out of the superhydrophilic channel is higher than the non-
coated graphite one as a result of higher surface tension.  This will be explained in the 
pressure measurement section.  
4.1.4.2 Two-Phase Flow in Hydrophobic and Superhydrophobic Channels  
In this section two different channels are tested. First channel is coated with PTFE where 
water static contact angle is 145 ± 5° on its surface and the second one is coated with 262 
nm-sized silica particles /PDMS with water static angle of 155 ± 2° on its surface. Although 
the difference in static contact angle is about 10° between these two channels, but the 
variation in the sliding angle is around 48° as shown in table 4.1. As a result, the water 
droplet in the superhydrophobic channel has more uniform spherical shape, and the droplet 
tends to roll on the surface without any distortion or irregularities in shape.   Figure 4.8 c and 
d illustrates these descriptions. In contrary, the droplets in the hydrophobic channel is 
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found that the 262 nm-sized silica particles/PDMS coated with graphite channel revealed that 
silica particle are aggregated like caviar structure on the macro-level which allows more air 
ratio to be trapped between the solid and water.  On the contrary, the hydrophobic coated 
channel showed an inhomogeneous surface with peaks and valleys. 
4.1.4.3 Two-Phase Flow in Combined Surface Wettability Graphite Channel 
The bottom surface of the combined surface wettability channel is coated with 262 nm-
sized silica particles/PDMS (superhydrophobic) and side walls, are non-coated graphite 
(slightly hydrophobic). The sliding angle for the slightly hydrophobic surface is over 90° and 
19 ± 1° for the superhydrophobic surface. It is noticed that the droplet sticks on the side walls 
of the channel while it is travelling through the channel, even at higher air flow rate the 
droplet sticks on the side surfaces. This can be attributed to the high surface tension and high 
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The channel with combined surface wettability shows higher pressure value compared with 
the slightly hydrophobic surface. Also in some regions the same value as the 
superhydrophilic channel especially at JL = 0.015, and 0.64 m/s as shown in figure 4.12 a, 
and c. This might be elucidated to the droplets sticking on the side walls of the channel, 
resulting in narrowing the air passage and causing pressure to rise at the channel inlet as 
illustrated in Figure 4.10. Nevertheless, the slightly hydrophobic and superhydrophilic 
channel water slug, and thin film keep the air passage open, resulting in lower pressure or 
equal pressure values with other channels at JL = 0.015, and 0.64 m/s . 
As shown in Figure 4.12, the pressure difference needed to drive the flow for the 
superhydrophobic channel is very small, close to zero, for the superficial air velocity close to 
2 m/s. This is because the pressure meter used in the experiment has a limited sensitivity and 
accuracy, and the nearly zero reading for the pressure difference represents the pressure drop 
is so small that the pressure meter is not giving a noticeable reading.  
4.1.6 Relationship between the Two-Phase Flow Resistance and Sliding Angle 
From the previous results, the sliding angle effect on the two-phase flow resistance can be 
summarized in Figure 4.13. The sliding angle has a significant effect on the pressure drop 
through the channel. The pressure drop along the flow channel increases as the sliding angle 
value rises, even at the same JL and JG values. The pressure drop also increases when the JL is 
fixed and JG is increased with sliding angle increment as seen in Figure 4.13 a, b, c and d. 
Increasing JL with the sliding angle leads to significant increments in pressure drop as clearly 
noticed in Figure 4.13 c, and d. This is attributed to the increment of the adhesion force due 
to high sliding angle. Increasing the adhesion force raises the drag force required to move the 






Figure 4.13: The comparison of pressure drop vs. sliding angle  at JG; (■) 3.63, () 4.84, 
(▲)6.17, () 7.73, and (●) 8.68 m/s and at JL  a) 0.015, b) 0.155, c) 0.64, and d) 1.028 m/s. 
 
From the previous results, it was shown that when the sliding angle was 19○ the contact angle 
estimated to be 155 ± 2° for the superhydrophobic surface, and when the sliding was 67○ the 
contact angle was 145 ± 5°. In other words, when the sliding angle of a droplet on a rough 
surface is increased, the contact angle on the same surface is decreased. This indicates that 
the rough surface becomes more wettable and attracts the water droplet with higher surface 
tension due to lower amount of entrapped air beneath the water droplet. Thus, the adhesion 
force increases and higher drag force is required to move the droplet on the rough surface, 





4.1.7 Relationship between the Two-Phase Flow Resistance and Static Contact 
Angle 
In the hydrophilic region (0° - 95°) as static contact angle decreases, the pressure drop 
along the flow channel increases.  This is depicted in Figure 4.14. The pressure values are 
significantly increased at 15° when JL is raised compared with the pressure values at 95° at 
the same JG. This is attributed to the high surface tension between the channel surface and 
water, which spreads as a thin film on the surface. This suggests that for contact angle of 95° 
the amount of pressure decreases due to the lower surface tension between the water slug and 
the channel surface. 
In the hydrophobic region, even though the difference between the two angle is only 10°, 
but the pressure drop at 145° is much higher than 155° as shown in Figure 4.14 a, b, c and d. 
This is projected by the higher sliding angle at 145° than 155°; which are 67° and 19°, 
respectively and shown in Figure 4.13. According to earlier discussion, on the hydrophobic 
surfaces, when the droplet is formed on the surface; lower sliding angle results in lower 
adhesion force between the channel surface and the droplet.  This lowers the drag force 
required to move the droplet to the channel exit which reduces the amount of pressure drop 
and vice versa. 
As illustrated in Figure 4.13 and Figure 4.14, static contact angle is more dominant in 
affecting the pressure drop through the channel in the hydrophilic region, and sliding angle is 
more dominant in affecting the pressure drop in the hydrophobic region. In the hydrophilic 
region pressure drop increases with decreasing the static contact angle and in the 







Figure 4.14: The comparison of pressure drop vs. different static contact angles; 15°, 95°, 
145°, and 155° at Jg; (■) 3.63, () 4.84, (▲) 6.17, () 7.73, and (●) 8.68 m/s and at JL  a) 0.015, b) 
0.155, c) 0.64, and d) 1.028 m/s. 
 
The highest values of the pressure drop are noticed at 15° static contact angle at the highest 
JL value. This indicates that, the superhydrophilic surface requires higher amount of air flow 






4.1.8 The Effect of Different Surface Wettability Channels on PEM Fuel Cell 
Performance 
Since the superhydrophobic and superhydrophilic channel surfaces present the lowest and 
the highest resistance of the air-water flow respectively, as shown in Figure 4.12, PEM fuel 
cells performance tests with the cathode superhydrophobic and superhydrophilic coated and 
slightly hydrophobic (commercial use) gas flow channels are conducted as described in 
Figure 4.15. It can be seen that the coated cells shows lower performance especially at low 
current density values. This signifies the effect of the nonconductive 262 nm-silica particles 
and 262 nm-silica particles/PDMS composite coating used in present work compared with 
non-coated gas flow channels. On the other hand, superhydrophobic cathode gas flow 
channels have a positive impact on the fuel cell overall performance especially at high 
current density. This may be attributed to the concentration over potential at the reaction sites 
(electrode). This suggests that a ‘flooding’ condition, which may be caused by the trapping 
water inside slightly hydrophobic and superhydrophilic gas channels, is due to high 
interfacial tension and high sliding angle. These phenomena will lead to blockage of both the 
gas flow channels and GDL pores by generated/accumulated water, respectively.  Hence, the 
cell performance is improved at high current density using the superhydrophobic coating 
with high water repellency. Furthermore, the condensed water product tends to accumulate 
water drops in gas flow channels. These droplets can be swept away more easily by gas 
stream in the superhydrophobic gas channels than that of the slightly hydrophobic and 
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Superhydrophobic coated cell shows smaller fluctuations and error bars in the measured 
voltage values as shown in Figure 15 a, and b, respectively. This refers to less water 
accumulations in cathode gas flow field channels and less flooding in the cathode gas 























4.2 Effect of Composite Coatings on Gas Diffusion Layer (GDL) 
Characteristics, Wettability, and Overall PEM Fuel Cell Performance   
In this section, the new coating materials; silica particles, PDMS, and silica particles 
/PDMS composite will be discussed and compared with the non-coated GDL and commercial 
GDL (30 wt. %PTFE coated GDL with MPL).  
4.2.1 Influence of Composite Coatings on Surface Wettability 
4.2.1.1 Hydrophilic Coating of GDL with Silica Particles 
As mentioned earlier silica particles used in this study have hydrophilic properties because 
of the existence of hydroxyl groups on their surfaces. A GDL coated with such particles also 
shows a strong surface hydrophilic property. The static contact angle (θ) on the surface of 
non-coated GDL is 107 ± 2° as illustrated in Table 4.2. However,  once the GDL is coated 
with 3.5 wt. % of 262 nm silica particles, it sharply decreases to almost 0° Further, it is found 
that water droplet (10 μl) does not only spread over the surface, but also is drawn through the 
GDL plane at the same time. This phenomenon is probably due to the hydrophilic nature of 
silica particles and the capillary forces driving through the pores located between these silica 
particles. Both of these features are beneficial to the distribution of liquid water within the 
GDL.  
Table 4:2: Water static contact angle and sliding angle on the surfaces of different coated 
GDL samples. 
No. Coating Material Wettable Property θ α 
1 262 nm Silica/PDMS Superhydrophobic (Sandwich wettability 
GDL) 
162 ± 2° 5 ± 1° 
2 PDMS Hydrophobic 138± 3°    ≥ 90° 
3 Raw Slightly Hydrophobic 107± 2°    ≥ 90° 
4 262 nm Silica Superhydrophilic 0° Thin Film 





4.2.1.2 Hydrophobic Composite Coating on GDL  
Other function of silica particles is to assist low surface energy material PDMS to prepare 
high water repellant GDL. It is found that once a composite of silica particles/PDMS is 
coated on GDL, water droplets would not spread on the surface any more, instead it can slide 
on the surface. With reference to previous discussion, the surface hydrophobicity of solid 
could be enhanced by two factors, low surface energy material (PDMS) and suitable surface 
configuration (adjusted by silica particles). To evaluate their contributions to surface 
hydrophobicity, a comparison on the water contact angle is made by controlling their 
respective loadings on the GDLs, as shown in Figure 4.17. On a GDL coated with 3.50 wt. % 
of PDMS, θ is138 ± 3°, but water droplets are hard to slide on this surface even when it is 
tilted over 90°. When the GDL is coated sequentially with 1.97 wt. % of 262 nm-silica 
particles and 3.14 wt. % of PDMS, θ is increased to 157 ± 2°, and α is about 28°. 
Additionally, when the GDL is coated sequentially with 3.64 wt. % 262 nm-silica particles 
and 1.72 wt. % PDMS, θ reached 162 ± 2°, and α decreased to 5°. In this case, water droplets 
could easily roll on the surface. Such hydrophobic property is comparable with the 
commercial GDL as illustrated in Table 4.2. The results also suggest that the relatively high 
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As it was discussed, the two-tiered micro-/nano- structure are beneficial in enhancing the 
surface hydrophobic property. Therefore, the measured water contact angle on this composite 
coating is around 162 ± 2° as illustrated in Table 4.2. Figure 4.21 c shows the cross section of 
GDL coated with the composite. The irregular small particles are the binders. Silica particles 
scattered among the binders or aggregated together, have kept their original appearance. This 
morphology probably suggests that the PDMS is mainly cured with silica particles on GDL 
surfaces. In other words, the hydrophilic nature of silica particles should be kept with them 
inside the GDL. 
In addition to surface morphology, the surface roughness of GDL is similarly adjusted with 
coating of 262 nm silica particles, PDMS, and 262 nm silica particles/PDMS composite as 
illustrated in Table 4.3. Surface roughness is also another important factor to the surface 
hydrophobicity.  
 
Table 4:3: Measured surface roughness of GDLs’ samples. Ra represents mean surface 
roughness based on arithmetical mean height; Rq, root mean square height, or standard 
deviation of the height distribution; and Rp, maximum peak height relative to the mean surface 
roughness. 
Roughness Non-coated GDL Coated with 
3.5wt % PDMS 
Coated with 262 nm- 
silica Particle/PDMS 
Ra (um) 18.336 16.683 17.738 
Rq (um) 23.059 22.692 22.559 
Rp (um) 76.656 60.529 62.370 
 
In comparison to the non-coated GDL, the mean roughness (Ra) of both the GDLs coated 
with 3.5 wt. % PDMS and with 262 nm-silica particles/PDMS composite decreases.  This 
perhaps is due to part of the original pores which have been covered by PDMS or by silica 
particles. The decreased root mean square height (Rq) of coated GDLs suggests that, their 





peak height (Rp) of composite coating than the PDMS coating probably is caused by the use 
of silica particles. In addition to  the SEM results, it can be concluded that the 262 nm-silica 
particles/PDMS composite adjusts the surface uniformity of the GDL by building new 
structures, two-tiered micro-/nano-structures, which further assist low surface free energy 
material PDMS to attain the surface superhydrophobic property. 
4.2.3 Stability of Silica Particles Coating on Gas Diffusion Layer 
The stability of the silica particles coating on GDL is also investigated in the present work. 
The GDL coated with 262 nm silica particles is immersed in DI water and then put in a 
shaker. The shaking rate is set at 40 rpm and the temperature is controlled at 60 °C for 10 
hours. The GDL samples are taken out periodically and dried until no weight change is 






Figure 4.22: Stability tests for the gas diffusion layer coated 262 nm silica particles: shaking 
rate 40 rpm; temperature 60 °C.  
 
 It is seen that the 262 nm-silica particles shows a good stability on the GDLs. In 10 hour 
of testing, θ remains at 0° on the GDLs coated with 262 nm silica particles. Water can still 
easily wet the surfaces. The small size of these silica particles enables them to easily occupy 
the pores of GDLs. Since these silica particles have been heat treated on the GDLs, the 
dehydration of hydroxyl groups probably links most of the silica particles together. 
Additionally, water is ready to form a continuous film on these hydrophilic particles. 
However, the surface tension of water film may restrict the movement of these particles, and 





4.2.4 Composite Coated and Non-Coated GDLs Characteristics 
4.2.4.1 Pore Size Distribution  
The pore size distribution and the wettability of pores control the transport of liquid water 
and air transport in the GDL [105]. Non-coated GDL shows a relatively wide distribution 
with average pore radius of around (18 μm) as shown in Figure 4.23. 
 
Figure 4.23: Pore size distribution of non-coated gas diffusion layer measured using Method 
of Standard Porosimetry (MSP). 
 
The wide distribution indicates that the pores’ sizes are non-uniform; hence this 
distribution represents the size of the pores which are formed through connection of 
randomly carbon fibers together with carbon powder to form the non-coated GDL. Further, 
the integral distribution shows that most of the of pores volume are above the 10 μm pore 
radius. While, the commercial GDL with MPL has more uniform pore size which is consist 
of two main groups: small pores of about 4.5 nm and large pores of about 11 μm as depicted 
in Figure 4.24. The sharp decrease of the integral pore volume at about 11 μm and at 4.5 nm 






Figure 4.24: Pore size distribution of commercial gas diffusion layer loaded with micro 
porous layer (MPL) measured using MSP. 
 
 Small pores are generally from the MPL and account for the capillary-induced liquid flow, 
and since they are consist of PTFE and carbon powder mix, they are hydrophobic. 
Pasaogullari and Wang conducted one dimensional numerical analysis of the two-phase 
water transport in the cathode GDL with MPL [106]. They suggested that a highly 
hydrophobic MPL between the catalyst layer and GDL could enhance the liquid water 
removal. However, it is obvious that the application of MPL reduces the pore volume greatly, 
which may also reduce the gas transport from the channels to the reaction sites at the catalyst 
layer (CL).  
Unlike the commercial GDL, 262 nm-silica particles coated GDL is a superhydrophilic 
GDL, hence, hydrophilic silica particles fill the pores of GDL so that liquid water can be 
easily distributed within the GDL pores. As shown in Figure 4.25. The small pores almost 
disappear with mainly large pores (about 5 μm). The pore size distribution is reduced 
significantly compared with the non-coated GDL. This can be attributed to the small size of 
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to wettability of pores of the superhydrophobic GDL which are combined with hydrophilic 
and hydrophobic pores, which resulted from 262 nm silica particles and PDMS, respectively. 
Therefore, the surface of the GDL shows a superhydrophobic property (θ = 162 ± 2° and, α = 
5 ± 3°) and the internal pores are hydrophilic as will be explained in the next section. This 
phenomenon helps the water to soak inside the GDL quickly and enhances the water 
discharge out of the GDL from the other side. Further, the hydrophobic pores on the surface 
of the GDL allow the water droplets which are generated at the reaction sites to roll down on 
the GDL fibers at the GDL surface and transport through GDL plane. This allows more air to 
be transported through the superhydrophobic coated GDL. 
The commercial GDL shows a superhydrophobic properties at the surface (θ = 165±2° 
and, α = 2°). However, the existence of MPL increases the capillary pressure required to 
discharge water out of the GDL hence the capillary pressure is inversely proportional with 
pore radius as described in equation 3.3/ section 3.4.1. As the MPL pores’ radii reduced to 
nano-meter size the capillary pressure increases even though the commercial GDL is coated 
with PTFE. 
Non-coated GDL shows a higher capillary pressure required for fully air saturation. 
Further, the capillary pressure starts to gradually increase after 0.6 air saturation until it 
reaches to full air saturation. This is related to the water thin film which is formed on the 
non-coated GDL fibers surface due to high surface tension between the fibers and the water 
droplets and due to the water accumulation inside the pores. Therefore, the amount of 
transported air through the non-coated GDL is reduced. Further, since the capillary pressure 
starts to increase around 0.4 air saturation for superhydrophilic GDL. It shows higher 
capillary pressure required to discharge the water from the superhydrophilic GDL, This is 
related to existence of silica particles that increase the hydrophilicity of the GDL surface and 
pores inside the GDL. Thus, more locations are covered with water film on the GDL surface 





silica particles which increases the surface tension of the superhydrophilic GDL fibers and 
pores.   
4.2.4.3 Wetting Angle Distribution 
Static contact angle (θ) measurements are useful for measuring the wettability of a fluid on 
a solid surface, but this approach can only be used on flat and smooth solid surface. For oil 
reservoirs it is possible to obtain a single crystal of the reservoir material for measurement 
that represents the internal pore surfaces in the real media [107]., GDLs are made of round 
fibers, thus obtaining a flat smooth sample on which that the static contact angle can be 
measured, is not possible. The contact angle on graphite material similar to the fibers 
material has been reported as 86° [12], but the water contact angle on carbon surfaces is 
known to be highly variable [108]. Further, GDLs are impregnated with a PTFE coating, so 
the internal surfaces of a GDL pores are a mixture of two types of surfaces of unknown 
wettability proportions. Lacking a solid, flat surface that is a representative of the internal 
GDL pores makes it hard to measure the contact angle through GDL, However, the only 
alternative for this is the measure the static contact angle of water droplet on the surface of 
the GDL as measured in this study. Various studies attempted to use contact angle as a 
qualitative indicator of GDL wettability and the effect of PTFE, however, they faced limited 
success [3, 109, 110]. Nevertheless, for the present work, it is necessary to obtain actual 
wetting angle distribution (θw) to compare between different coated samples. 
Method of standard porosimetry (MSP) allows measurements of wetting angle distribution 
within the broad range of θw from 0° to 90°. For this purpose the GDL samples are measured 
with both; DI water whose wetting angle should be determined and the standard liquid whose 
wetting angle is known (octane θw ~ 0
o).  However, one drawback of MSP is that, when a 
porous material with an insufficient rigid structure is soaked with a wetting liquid, a volume 
increase (swelling) under the influence of the liquid’s capillary pressure is possible. If such a 





medium. The process of swelling depends on the nature of the liquid. In absence of a specific 
interaction between the porous material and the liquid, the capillary pressure is proportional 
to the surface tension of the liquid. In this study the integral pore volume is increased when 
the water is used as a wetting liquid due to water swelling by carbon fibers. Thus it is 
impossible to measure θw through a complete radii range distribution, but at least where the 
majority of the pores’ radii are distributed as shown in Figure 4.28. 
As illustrated in Figure 4.28 a, the wetting angle distribution of the pores for the non-
coated GDL is distributed from 0°-75° for the larger pores. This results in water entrapment 
and blockage inside the hydrophilic pores, causing reduction in the amount of transported air 
to the reaction sites from the gas flow channels and the amount of water from the reaction 
sites to the gas flow channels. This will consequently reduces cell performance. Meanwhile, 
the commercial GDL which is coated with 30 wt. % PTFE shows that small pores, all have a 
90○ contact angle which is higher than the non-coated GDL.  This helps more air to be 
transported to the reaction sites and more water to be discharged from the reaction sites as 
shown in Figure 4.28 b. On the other hand, small pores size of the MPL layer on the 
commercial GDL plays an opposite effect in reducing the amount of transported air 
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significantly to and from the reaction sites, respectively, resulting a significant degradation of 
the cell performance. 
Unlike the non-coated, commercial, and 262 nm silica particles coated GDLs. The 262 nm 
silica particles/PDMS composite coated GDL (superhydrophobic) shows a different 
distribution for the wetting angle of the pores from 20○ - 90○. The small pores have high 
wetting angle which is decreased by increase in the pore radius as shown in the Figure 4.28 
d. This ensures the existence of hydrophobic and hydrophilic pores combinations. The 
hydrophilic pores are resulted from silica particles and the hydrophobic ones are caused from 
PDMS material. The hydrophilic pores are responsible for distribution of the water inside the 
GDL and the hydrophobic ones provide a transport media for air and water, to and from the 
reaction sites, respectively. Further, the high static contact angle on the superhydrophobic 
surface (θ = 162 ± 2°) indicates that most of the hydrophobic pores are close to the surface of 
the GDL and the hydrophilic pores are in the internal region. This combination results in 
sandwich wettability GDL, which has a superhydrophobic surfaces and hydrophilic internal 
pores. A water droplet (10 μl) can roll off the tilted surface with the tilted angle of 5○, but it 
can also be drawn into the plane of the GDL in 10 min due to the internal hydrophilic pores 
which have high surface tension to attract the water inside the GDL. This kind of structure 
can help water transport through the GDL. Additionally, the macro pores left in the GDL will 
probably offer low resistance for the gas transport. This design of GDL is very unique from 
that of commercial GDL with MPL; the hydrophilic internal pores within the sandwich 
wettability GDL offer a driving mechanism for the distribution of water; remained macro 
pores within the GDL also ensure the transport of air. Compared with the PEM fuel cell 
assembled with commercial cathode GDL, the PEM fuel cell assembled with sandwich 





4.2.5 Effect of Composite Coated Cathode GDL on Overall PEM Fuel Cell 
Performance 
PEM fuel cell performance measurement (polarization curve, I-V) is one of the most 
common used experimental presentation techniques in understanding the effect of different 
surface wettability of the cathode GDL on the nature of water removal in an operating PEM 
fuel cell with 100 cm2 active area. In the present work, the performance tests are conducted 
with four different cathode GDLs of: 1) non-coated GDL (slightly hydrophobic), 2) GDL 
coated with 262 nm silica particles (superhydrophilic), 3) GDL coated with 262 nm silica 
particles/PDMS composite (sandwich wettability), and 4) commercial GDL loaded with 
MPL (superhydrophobic). The polarization curves are generated under identical operating 
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surface (tilted angle 5°); a 10 μl of water droplet could roll off easily. However, on a 
horizontal surface this water droplet could also distribute gradually in 10 minutes. This kind 
of sandwich wettability likely assists the water transport through the GDL. Aside from the 
wettability, silica particles/PDMS composite coating does not affect the pore size in GDL as 
compared with the commercial GDL. In other words, the pores size (about 7.1μm) maintains 
sufficient gas permeability and enhances the cell performance especially at high current 
densities. In the case of PEM fuel cell with commercial GDL, its performance is even lower 
than non-coated GDL. It is probably due to the cracks in the MPL, which reduce the capillary 
force through the micro-pores and weaken the transport of water through the GDL. However, 
at higher current densities the commercial GDL shows better performance than the non-
coated GDL.  
The superhydrophilic GDL coated with silica particles lowers the cell performance. 
Although the produced water could quickly distribute in the GDL, it is noticed that the 
droplet resists detaching from the GDL surface by air stream due to the high surface tension. 
In addition to that, a thin water film forms on the hydrophilic GDL surface, requires high 
shear force to be removed. This blocks the pores in the GDL resulting in reducing the gas 
permeability. Further, the accumulated water inside the GDL reduces the reaction rate in the 
catalyst layer, resulting in cell performance degradation. Additionally, the existence of the 
droplets on the GDL surfaces increases the pressure drop in the gas flow channels, impacting 
the PEM fuel cell performance negatively. 
4.3 Effect of Through Plane GDL Wettability Gradient on Its Characteristics, 
Water Removal Rate, and Overall PEM Fuel Cell Performance   
In this section the effect of employing one side hydrophobic GDL will be investigated. The 
reason for studying the one side hydrophobic GDL separately from the composite coated 
GDL is that; the composite coated GDL section discusses new coating materials and 





PTFE coating which was used before as a coating material  by other studies as discussed in 
the literature review in chapter 2, section 2.2. In this study, on the other hand, GDL is coated 
with PTFE from one side only, and it is not coated uniformly from the two sides by 
immersing the GDL in PTFE solution as demonstrated in previous studies. Further, coating 
the GDL with PTFE from one side reduces the amount of PTFE required to coat the GDL 
which ultimately decreases the cost of coated GDL. Hence, less PTFE material and less time 
are required to coat one surface of the GDL. 
4.3.1 Effect of PTFE Coating on One Side of GDL on its Wettability 
As mentioned earlier, the surface wettability of the GDL is determined by measuring the 
static contact angle (θ) of water droplet on the GDL surface as shown in Table 4.4. 
Table 4:4: Static contact angle measurements (θ) of the GDL samples on each side 
 Non-coated GDL Commercial GDL One Side Hydrophobic GDL 
Side1 Side2 Side1 Side2 Side1 Side2 
wt. %PTFE 0 0 30 30 15 0 
θ 107±2° 107±2° 165±2° 165±2° 147±3° 133±3° 
 
The term one side hydrophobic GDL refers to the coating process, since the GDL is coated 
with PTFE on one side of the GDL.  The coated surface shows higher static contact angle 
than the non-coated one and lower than the commercial GDL. However, the non-coated and 
commercial GDLs show the same static contact angle on both sides of each one as illustrated 
in Table 4.4.  
The difference in the static contact angle between the two surfaces indicates that there is a 
wettability gradient through GDL plane. The nature of carbon fibers which soaks the PTFE 
solution on the coated surface into GDL plane direction might distributes the amount of 
PTFE solution through the GDL plane. Whereas the highest amount is close to the coated 
surface of GDL and the lowest amount is close to the non-coated surface of the same GDL as 
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Figure 4.31: Pore radius differential distribution for the (●) one side hydrophobic, (■) raw, 
and (*) commercial GDLs. 
 
The non-coated GDL shows larger pore radius distribution. The pore radius distribution 
represents the hydrophilic pores, hence non-coated GDL has 0% PTFE. Meanwhile the one 
side hydrophobic GDL shows smaller pore radius distribution as shown in Figure 4.31, 
which represents the hydrophilic and hydrophobic pores. This can be attributed to coating of 
PTFE emulsion, which reduces the size of the pores on the coated surface.  The one side 
hydrophobic GDL shows a distribution peak of around 15 µm; meanwhile the non-coated 
GDL shows around 18 µm for its distribution value. Furthermore, non-coated GDL shows 
higher volumetric porosity than the one side hydrophobic GDL; these values are 0.77 and 
0.74, respectively. On the other hand, one side hydrophobic GDL shows larger pores’ radii 
than the commercial GDL which discussed in previous sections. 
4.3.2.2 Effect of One Side Hydrophobic GDL on Capillary Pressure Distribution 
As noticed in Figure 4.32, air saturation raised by increasing the capillary pressure (Pc) for 
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starts around 0.02 bars, meanwhile it starts around 0.08 and 0.04 bars for the non-coated and 
the commercial GDL, respectively as depicted in Figure 4.32. This means that, the capillary 
pressure required to start the water drainage out of the GDL, is four times higher in non-
coated GDL and two times higher in the commercial GDL. This confirms that the water 
removal rate for the one side hydrophobic GDL is higher than the non-coated and 
commercial ones, resulting in superior air penetration rate and consequently better air 
transportation inside the one side hydrophobic GDL. Further, the wettability gradient through 
one side hydrophobic GDL plane enhances the transport of the water due to driving capillary 
force through GDL plane, as wetting phase (W) moves from hydrophobic pores to higher 
hydrophobic ones. This will reduce the amount of capillary pressure required for the wetting 
phase (PW) to transport through GDL, and for the air as a non-wetting phase (NW) to replace 
the wetting phase. Therefore capillary pressure decreases, hence; 
                            4.1 
Non-coated GDL shows higher capillary pressure values at the same saturation levels or 
level. This might be attributed to the high volume of the hydrophilic pore networks inside the 
GDL. These networks allow the wetting phase (water) to be absorbed by carbon fiber matrix, 
resulting in blocking the pores on the GDL surface with thin films of water. This will reduce 
the amount of air penetration into the GDL, leading poor water removal rate and poor air to 
transport inside the GDL pores. Further, raw GDL has uniform wettability gradient through 
GDL plane since the contact angle on both sides of the GDL are the same resulting in 
uniform capillary force distribution through GDL plane and thus slower water transport. 
Although the commercial GDL is highly hydrophobic, but the wettability gradient effect 
might not exist as seen in the one side hydrophobic GDL. This refers to the value of the 
measured static contact angle on both sides of the commercial GDL (165 ± 2°) as illustrated 
in Table 4.4.  Further, the amount of capillary pressure required to reach to full air saturation 
for the commercial GDL is around 100 Bars. In contrast, the capillary pressure required for 





This is attributed to small pores size distribution (nano meter scale) of the MPL of the 
commercial GDL.  
4.3.2.3 Effect of One Side Hydrophobic GDL on Wetting Angle Distribution 
As mentioned earlier, the wetting angle distribution is used in this study to compare the 
wettability of the GDL pores based on cumulative pore volume distribution.  The wetting 
angle distribution of the pores for the non-coated GDL is distributed from 0°-75° for the 
larger pores as described in Figure 4.33 a. This results in water entrapment and blockage 
inside the hydrophilic pores. This reduces the amount of the transported air to the reaction 
sites from the gas flow channels, and the amount of water from the reaction sites to the gas 
flow channels. Consequently the cell performance will be degraded. However, the one side 
hydrophobic GDL shows that small pores are more hydrophobic than the larger ones. As 
seen in Figure 4.33 b, the contact angle decreased from 90° as the pore size increased. This is 
attributed to coating of one side of the GDL with PTFE. The coated side pores will be filled 
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and the highest one on the non-coated surface. In addition, this gradient  can create a driving 
force to move the water droplets from the low surface tension region (coated side) to the 
higher one (non-coated side) of the one side hydrophobic GDL. Meanwhile, this gradient 
does not exist in the non-coated and commercial GDLs. 
Further, the one side hydrophobic GDL shows the wetting angle distribution in range of 
20° to 90°, which is higher than the non-coated GDL (0o to 75o) and lower than the 
commercial GDL (90°) as shown in Figure 4.28 b. This might reduce the amount of water 
entrapped inside the one side hydrophobic GDL, thus more air is transported inside the GDL 
from the channels to the reaction sites and consequently the cell performance is improved; 
hence, the small pores’ radii of the MPL considered as an obstacles for water air transport 
through GDL at high current density as formerly discussed.   
4.3.3 Effect of Wettability Gradient on Water Removal Rate 
Water removal rate denotes to the amount of water transports through the GDL plane at a 
certain time. The amount of water transferred through the commercial GDL is almost (0 
ml/s), so this is not included with the other samples as presented in Figure 4.34. This is 
related to the very small pores of the MPL on the commercial GDL which prevents the 
discharging of water from the syringe under the same experimental conditions. On the other 
hand, one side hydrophobic GDL shows the highest water removal rate, when the coated side 
faces water in the syringe barrel. In contrary, the lowest water removal rate is observed, when 
the non-coated side of the same GDL faces water in the syringe barrel, as seen in Figure 4.34. 
This is attributed to the driving capillary force through GDL plane from low wettable side to 
higher wettable one of the GDL. On the other hand when the GDL’s non-coated surface faces 
the water inside the syringe barrel. The water removal is decreased significantly, since the 
water moves in the opposite direction of the driving capillary force, resulting in reducing 
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As shown in Figure 4.35 a, b, and c, the water emerged from the surface of the non-coated 
GDL, non-coated side faces water, and coated side faces water for the one side hydrophobic 
GDL samples in preferential locations corresponds to the lowest resistant paths to water 
transport [111]. These locations are referred as the break through locations [57, 112]. The 
number of break through locations of water droplets for the one side hydrophobic GDL 
surface are increased significantly, when the coated surface faces water in the syringe barrel 
than the other samples as shown in Figure 4.35 c. This increment is caused by driving 
capillary force through GDL plane, which increases the number of paths with the lowest 
resistance of water transport.   Hence the droplets move toward the low capillary pressure 
side to the high capillary pressure side when the coated side faces the water in the syringe 
barrel. Furthermore, break through locations in the three samples are observed as dynamic 
processes hence these locations are changed over time. This phenomena is recognized by an 
ex-situ observation of Lister et al. [51] and the recent in-situ measurements of  Manke et al. 
[113] who referred this phenomena as an eruptive transport. 
Droplets emerged from the non-coated GDL surface have an elongated shape and their 
contact angle with the GDL surface is almost 100° as seen in Figure 4.36 a. This is attributed 
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coated side faces the water side in the syringe barrel GDL samples, respectively as 
mentioned earlier. This assures that not only PTFE coating can improve the water and gas 
transport inside GDL, but also the creation of driving capillary force through GDL plane in 
specific direction has a significant impact on water removal at high current densities. Further, 
the upright position of the GDL in the tested PEM fuel cell installed in the FCATS-S800 
reduces or eliminates the gravity effects on water removal as shown in Figure 3.19. The 
differences in performance started clearly at 0.7 Acm-2 where the effect of oxygen diffusion 
limitation is due to water blockage of the GDL pores starts (concentration over potential) [35, 
114-119] as depicted in Figure 4.37. 
The maximum power density is developed from 0.41 to 0.46 Wcm-2   for 40 cm2 cell. This 
is caused by higher rate of water removal from the GDL which increases the value of 
diffused oxygen from the gas flow channels through GDL to the reaction sites at higher 
current densities. However, when the non-coated side is facing the CL water transport from 
the CL through GDL to the channel slowly due to the driving capillary force direction which 
is opposite to the water transport direction, resulting in GDL flooding and rapid voltage 
decay as shown in Figure 4.37. Alternatively, the cell loaded with the commercial GDL 
shows the best performance at low current density region. This is assigned to the low contact 
resistance of the MPL layer. However, as the amount of water generated increases at high 
current density, the commercial GDL water removal decreases.  This can be explained by 
MPL pores small size, which leads to the CL and GDL flooding, thus the amount of air 
transferred to the reaction sites at the CL is reduced and consequently the cell performance is 
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As seen in Figure 4.38 b, the wettability gradient through GDL plan shows significant 
improvements in the cell performance when the coated side facing CL compared with the 
non-coated side facing CL cathode GDLs in the PEM fuel cell. This signifies the effect of 
wettability gradient through GDL plan and its role in better water management when the 
water moves with the direction of the driving capillary force through GDL plane. Further, the 
error bars for the non-coated side facing CL cell performance is higher. This refers to higher 
amount of accumulated water in the cathode GDL which leads in higher fluctuations of the 
measured voltages. It is worth mentioning that, Figure 4.38 b shows the error bars of the 
highest and the lowest cell performances. Meanwhile, the cell performances in between are 
not plotted, because this makes the figure very crowded and it is hard to distinguish between 

















Summary and Future Work 
5.1 Summary and Original contribution 
The major accomplishments and contributions achieved in the present study can be 
summarized as follows; 
I. Three different surface wettability conditions have been introduced on raw graphite 
surface (slightly hydrophobic) and characterized  using scanning electron microscopy 
(SEM), Profilometry, sliding angle (α), and static contact angle (θ) measurements; 262 
nm silica particles/ Polydimethylsiloxane (PDMS) composite (superhydrophobic), 
Polytetrafluoroethylene (PTFE) (hydrophobic), and 262 nm silica particles 
(superhydrophilic) coated graphite. 
i. The superhydrophobic surface has shown the lowest sliding angle (α = 19±1°) 
and the highest static contact angle (θ = 155±2°), and lowest measured roughness 
(Ra = 2.85μm).  
ii. Superhydrophobic surface shows a good stability under PEM fuel cell 
environment 
II. An ex-situ experimental study of the effect of superhydrophilic, slightly hydrophobic, 
hydrophobic, superhydrophobic and combined surface wettability channels on the two-
phase flow dynamics and pressure drop have been conducted. Further, the effect of the 
superhydrophobic, slightly hydrophobic, and superhydrophilic cathode gas flow field 
channels of PEM fuel cell performance have been explored as below;   
i. The superhydrophobic surface has shown the lowest pressure drop through a single 
channel, which is required to purge the water droplets out of the channel. This can 
be attributed to the low α (19±1°).  Meanwhile, the hydrophobic coated channel has 
shown higher pressure drop. This is due to the droplets stickiness on the channel 





ii. The slightly hydrophobic and superhydrophilic channels have resulted in slug and a 
thin film, respectively which increases the pressure drop values to purge the water 
out of the channel. This is caused by the higher interfacial tension between the 
channel’s surface and liquid water (θ = 95±2°, and 15±2°, respectively).  
iii. The superhydrophobic coated gas flow channels have shown higher PEM fuel cell 
performance at high current densities compared to the slightly hydrophobic and 
superhydrophilic ones. This is attributed to better water removal capabilities from 
the cathode flow channels and less water accumulation in the cathode gas flow 
channels, which leads to better water management. 
III. A novel design has been developed for the gas diffusion layer (GDL) used in the PEM 
fuel cell, is referred as sandwich wettability GDL. After it is coated with a silica 
particle/PDMS composite on both sides. It has been studied experimentally along with; 
262 nm silica particles coated GDL (superhydrophilic), commercial GDL (PTFE coated 
with micro porous layer (MPL)), and non-coated GDL using SEM, Profilometry, method 
of standard porosimetry (MSP) and sessile drop technique to measure θ and α;  
i. Sandwich wettability GDL has demonstrated better air water transport at the 
same capillary pressure values and better cell performance, compared with 
superhydrophilic, commercial, and non-coated GDLs. This is attributed to 
better water management at higher current densities, which is caused by 
better water removal at higher current densities. 
IV. A wettability gradient through the one side hydrophobic GDL plane has been 
introduced by coating one side of non-coated GDL with 15 wt. % PTFE solution. It has 
been experimentally studied using MSP to measure GDL characteristics and sessile 
drop technique to measure θ on the GDL surfaces. Water removal rate has been 
measured using syringe barrel with GDL token which is capped to the barrel at the 





Droplets dynamics’ characteristics on the GDL surface have been studied using CCD 
camera. Three cells with different cathode GDL have been tested. 
i. The wettability gradient through GDL plane has demonstrated significant 
improvements on air water transport and cell performance compared with the 
commercial and non-coated GDLs.  This attributed to the driving capillary force 
gradient through GDL plane, which helps in driving the water from hydrophobic 
side to the more hydrophobic one of the GDL.    
5.2 Future Work 
I. Studying the effect of uniform surface wettability of gas flow channels from 
superhydrophilic to superhydrophobic on two-phase flow dynamics, resistance, 
and on PEM fuel cell performance have been conducted in this thesis. However, it 
is advisable to evaluate the effect of a gradient surface wettability from 
superhydrophilic to superhydrophobic along the gas flow channel surface on the 
two-phase flow dynamics, resistance, and on PEM fuel cell performance. 
II. The wettability gradient through the cathode GDL plane has been evaluated in 
this thesis. It is recommended to study the wettability gradient through and in 
plane at the anode side and cathode side on water removal and PEM fuel cell 
performance.   
III.  In this research effects of gas flow channels surface wettability and cathode GDL 
wettability on PEM fuel cell performance are analyzed separately. Nevertheless, it 
is worthwhile to investigate the effect of wettability of both gas flow channels’ 
surface and GDL simultaneously to explore the optimum surface wettability for 
both components.  This will result in highest cell performance.  
iv. Finally, the obtained experimental results for the two-phase flow inside the 
channels with different surface wettability provide a database for further numerical 
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